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ABSTRACT 
T h i s t h e s i s i s c o n c e r n e d w i t h t h e a p p l i c a t i o n o f e l e c t r o 
o p t i c a l i n s t r u m e n t a t i o n and t e c h n i q u e s t o s o l v i n g measurement, 
i n s p e c t i o n and q u a l i t y c o n t r o l p r o b l e m s i n an i n t e r n a t i o n a l g l a s s 
m a n u f a c t u r i n g f i r m . 
F i r s t l y a r e v i e w i s c a r r i e d o u t o f e q u i p m e n t a v a i l a b l e t o 
t h e i n d u s t r i a l s c i e n t i s t . T h r e e a r e a s a r e s t u d i e d : s o u r c e s , 
m e d i a , and d e t e c t o r s . 
A number o f p r o b l e m s w h i c h have a r i s e n a r e t h e n 
d i s c u s s e d , and t h e t e c h n i q u e s u s e d t o s o l v e them a r e d e s c r i b e d . 
The p r o b l e m s i n c l u d e t h e m o n i t o r i n g and c o n t r o l o f ' f o r e i g n ' 
s u b s t a n c e s i n g l a s s c u l l e t p r i o r t o b e i n g f e d i n t o t h e f u r n a c e s ; 
m e a s u r i n g t h e f l a t n e s s o f l a r g e a r e a s o f t h i n g l a s s w i t h o u t u s i n g 
m e c h a n i c a l c o n t a c t ; t h e c o n s t r u c t i o n o f a s m a l l s t a b l e i n f r a r e d 
i n t e r f e r o m e t e r based on t h e S m a r t t p o i n t d i f f r a c t i o n 
i n t e r f e r o m e t e r ; r a p i d measurement o f t h e c u r v a t u r e o f . o p h t h a l m i c 
l e n s s u r f a c e s ; m o n i t o r i n g t h e p o s i t i o n o f w i r e mesh i n w i r e d 
g l a s s ; and measurement o f v e r y s m a l l amounts o f haze on g l a s s 
s u r f a c e s . 
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1.1 
CHAPTER 1 INTRODUCTION 
T h i s t h e s i s g i v e s an a c c o u n t o f t h e a p p l i c a t i o n s o f 
g e o m e t r i c a l and p h y s i c a l o p t i c s w i t h i n an i n t e r n a t i o n a l g l a s s 
m a n u f a c t u r i n g f i r m . The a p p l i c a t i o n s have a r i s e n o u t o f a t t e m p t s 
t o s o l v e some o f t h e p r o b l e m s t h a t have o c c u r r e d i n t h e 
p r o d u c t i o n o f g l a s s and i n i t s s u b s e q u e n t p r o c e s s i n g i n t o v a r i o u s 
p r o d u c t s . Most o f t h e p r o b l e m s a r e c o n c e r n e d w i t h q u a l i t y 
c o n t r o l . 
I t i s i m p o r t a n t t o p o i n t o u t t h a t i n an i n d u s t r i a l 
e n v i r o n m e n t p r o b l e m s need t o be s o l v e d q u i c k l y ( t i m e s c a l e s o f a 
few months a r e n o r m a l ) and when s o l v e d t h e s o l u t i o n s a r e u s u a l l y 
j u d g e d i n t e r m s o f t h e i r e f f e c t on e f f i c i e n c y o f p r o d u c t i o n and 
w h e t h e r t h e y a r e p r o f i t a b l e t o a p p l y , r a t h e r t h a n on t h e i r 
e l e g a n c e o r a c a d e m i c c o n t e n t . C o n s e q u e n t l y , f i n a n c i a l l y c h e a p e r 
s o l u t i o n s a r e u s u a l l y p r e f e r r e d , and some s o l u t i o n s , t h o u g h 
d e m o n s t r a b l y c o r r e c t , a r e n e v e r even u t i l i s e d . 
The t h e s i s b e g i n s w i t h a r e v i e w o f c u r r e n t e l e c t r o 
o p t i c a l i n s t r u m e n t a t i o n . T h i s i s a s t u d y o f t h e r a n g e o f 
e q u i p m e n t a v a i l a b l e t o t h e i n d u s t r i a l s c i e n t i s t . The r e v i e w i s i n 
t h r e e p a r t s ; s o u r c e s , media and d e t e c t o r s . The emphasis i s on t h e 
s u i t a b i l i t y o f v a r i o u s components t o p r o b l e m s o l v i n g w i t h 
g e o m e t r i c a l and p h y s i c a l o p t i c s , and on t h e i m p r o v e m e n t s t h a t c an 
be e x p e c t e d i n v a r i o u s f i e l d s i n t h e n e a r f u t u r e . More e q u i p m e n t 
has been i n c l u d e d i n t h e r e v i e w t h a n i s used i n t h e p r a c t i c a l 
w o r k . T h i s i s done i n o r d e r t o m a i n t a i n a more b a l a n c e d and 
c o m p l e t e v i e w o f a v a i l a b l e i n s t r u m e n t a t i o n t h a n w o u l d o t h e r w i s e 
have been p o s s i b l e . 
I n t h e p r a c t i c a l w o r k , t h e f i r s t p r o b l e m t o be d i s c u s s e d 
1.2 
i s t h e m o n i t o r i n g and c o n t r o l o f ' f o r e i g n ' s u b s t a n c e s i n g l a s s 
c u l l e t p r i o r t o b e i n g f e d i n t o t h e f u r n a c e s . T h i s i s q u i t e a 
s e r i o u s p r o b l e m i n t e r m s o f q u a l i t y and i n t e r m s o f f o u l i n g t h e 
p r o d u c t i o n l i n e c o n v e y o r b e l t s y s t e m . A s o l u t i o n i s r e q u i r e d t h a t 
w i l l w o rk on a c o n v e y o r b e l t d e l i v e r y and i s e s s e n t i a l l y 
a u t o m a t i c . T h i s p r o b l e m i s d i s c u s s e d i n c h a p t e r 3. 
I n c h a p t e r 4 t h e p r o b l e m o f m e a s u r i n g t h e f l a t n e s s o f 
l a r g e a r e a s o f g l a s s ( s u c h as c a r w i n d s c r e e n s b e f o r e t h e y a r e 
b e n t t o s h a p e ) i s d i s c u s s e d , where t h e s o l u t i o n has t o a v o i d 
m e c h a n i c a l c o n t a c t w i t h t h e g l a s s . A S c h l i e r e n method was d e v i s e d 
and i s d e s c r i b e d . 
I n t e r f e r o m e t r y i s use d as a measurement and i n s p e c t i o n 
t o o l i n t h e p r o d u c t i o n o f l e n s e s , p r i s m s and o t h e r o p t i c a l 
c o m p o n e n t s . U s u a l l y t w o beam i n t e r f e r o m e t r y i s used, b u t t h i s i s 
a d v e r s e l y a f f e c t e d by v i b r a t i o n s , and r e f r a c t i v e i n d e x v a r i a t i o n s 
i n a i r , b ecause t h e t w o beams a r e s e p a r a t e d . R e c e n t l y t h e r e has 
been i n t e r e s t i n t h e use o f 'common p a t h ' i n t e r f e r o m e t e r s w h i c h 
w o u l d be f r e e o f t h e s e p r o b l e m s . I n c h a p t e r 5 a d e s c r i p t i o n i s 
g i v e n o f how t h e p o i n t d i f f r a c t i o n i n t e r f e r o m e t e r , d e s i g n e d by 
S m a r t t f o r u s e i n t h e v i s i b l e r e g i o n , has been r e d e s i g n e d and 
a d a p t e d f o r use i n t h e i n f r a r e d r e g i o n , i n an a t t e m p t t o m o d i f y 
a t wo beam i n t e r f e r o m e t e r b u i l t f o r use w i t h i n f r a r e d l i g h t . A 
c r i t i q u e i s g i v e n o f i t s r e l a t i v e s u i t a b i l i t y . 
I n c h a p t e r 6 a number o f s m a l l e r a p p l i c a t i o n s , t y p i c a l o f 
p r o b l e m s a r i s i n g i n t h e g l a s s i n d u s t r y , a r e d e s c r i b e d . These 
i n c l u d e r a p i d measurement o f t h e c u r v a t u r e o f o p h t h a l m i c l e n s 
s u r f a c e s , m o n i t o r i n g t h e p o s i t i o n o f t h e w i r e mesh i n w i r e d 
g l a s s , and t h e measurement o f v e r y s m a l l amounts o f haze on g l a s s 
s u r f a c e s . 
1.3 
F i n a l l y i t s h o u l d once a g a i n be s t r e s s e d t h a t a l l t h e 
p r a c t i c a l w ork d e s c r i b e d i s c o n s t r a i n e d by t h e needs o f t h e 
company, and n o t c a r r i e d o u t f o r academic i n t e r e s t . 
2.1 
CHAPTER 2 REVIEW OF ELECTRO - OPTICAL INSTRUMENTATION 
2.1 I n t r o d u c t i o n 
The p u r p o s e o f t h i s c h a p t e r i s t o o u t l i n e t h e e l e c t r o -
o p t i c a l e q u i p m e n t a v a i l a b l e f o r i n s t r u m e n t a t i o n t o d a y . The 
p h y s i c a l p r o p e r t i e s and p u r p o s e s o f a r a n g e o f e q u i p m e n t and 
m a t e r i a l s i s r e p o r t e d , and t h e a d v a n t a g e s , d r a w b a c k s and c o s t s o f 
t h e v a r i o u s a l t e r n a t i v e s a r e d i s c u s s e d . The r e v i e w i s d i v i d e d 
i n t o t h r e e m ain a r e a s o f i n t e r e s t : c o m m e r c i a l l y a v a i l a b l e 
s o u r c e s , o p t i c a l m a t e r i a l s , and d e t e c t o r s . 
2.2 L i g h t S o u r c e s 
2.2.1 I n t r o d u c t i o n 
I n t h i s p a r t o f t h e r e v i e w , c o h e r e n t and i n c o h e r e n t l i g h t 
s o u r c e s a r e d i s c u s s e d . H e r e , l a s e r s a r e r e g a r d e d as c o h e r e n t , 
and a l l o t h e r l i g h t s o u r c e s r e l a t i v e l y i n c o h e r e n t . 
2.2.2 C o h e r e n t L i g h t S o u r c e s 
2.2.2.a H e l i u m Neon L a s e r s 
T h i s i s p e r h a p s t h e most commonly used gas l a s e r . 
I t has a v e r y f a v o u r a b l e c o m b i n a t i o n o f p r i c e , s i z e , p e r f o r m a n c e 
and e a s e o f o p e r a t i o n . 
H e l i u m neon l a s e r s p r o d u c e a r a n g e o f d i s c r e t e 
w a v e l e n g t h s s i m u l t a n e o u s l y . T h i s has s e r i o u s i m p l i c a t i o n s f o r 
i n s t r u m e n t a t i o n . The c o h e r e n c e l e n g t h f o r c o n v e n t i o n a l 
m o n o c h r o m a t i c l i g h t s o u r c e s i s a few m i l l i m e t e r s , whereas f o r a 
raultimode h e l i u m neon l a s e r i t i s t y p i c a l l y 20 - 30cm. Coherence 
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l e n g t h becomes i m p o r t a n t i n f i e l d s s u c h as h o l o g r a p h y and 
i n t e r f e r o m e t r y , w h i c h r e l y on t h e phase i n f o r m a t i o n w i t h i n l i g h t 
beams . 
H e l i u m neon l a s e r s a r e made w h i c h p r o d u c e o n l y one 
l o n g i t u d i n a l mode i n t h e i r o u t p u t beam. One s u c h l a s e r w orks as 
f o l l o w s . 
The r e s o n a t i n g c a v i t y o f t h e l a s e r has a h e a t i n g c o i l 
w r a p p e d r o u n d i t . As t h i s h e a t s up, t h e m i r r o r s e p a r a t i o n 
i n c r e a s e s . Thus, a l t h o u g h t h e p o s i t i o n o f t h e g a i n c u r v e w i l l 
r e m a i n c o n s t a n t , t h e comb o f c a v i t y modes w i l l d r i f t t o l o w e r 
f r e q u e n c i e s . As e a c h mode passes t h r o u g h t h e g a i n c u r v e i t s 
i n t e n s i t y w i l l i n c r e a s e , pass t h r o u g h a maximum a t t h e c e n t r e o f 
t h e c u r v e , d e c r e a s e , and f i n a l l y d i s a p p e a r . M e a n w h i l e a n o t h e r 
mode w i l l b e g i n t o l a s e a t t h e h i g h f r e q u e n c y s i d e o f t h e c u r v e . 
F i g u r e 2 . 2 . 1 . shows a p a r t i c u l a r m i r r o r s p a c i n g where o n l y two 
modes a r e l a s i n g , w i t h s i m i l a r p owers. Once t h e o p e r a t i n g 
t e m p e r a t u r e has been r e a c h e d , t h e h e a t i n g i s c o n t r o l l e d t o e n s u r e 
t h a t t h e l a s i n g i n t e n s i t y o f mode 1 r e m a i n s w i t h i n s e t l i m i t s . I t 
does t h i s u s i n g mode 2 as a r e f e r e n c e v a l u e ; t h i s e n s u r e s t h a t 
c o n t r o l o f t h e i n t e n s i t y o f mode 1 i s i n d e p e n d e n t o f t h e o v e r a l l 
i n t e n s i t y o f t h e l a s e r . 
T h i s t y p e o f l a s e r has a c o h e r e n c e l e n g t h o f 20 - 30m; 
an i m p r o v e m e n t o f a r o u n d two o r d e r s o f m a g n i t u d e o v e r 
c o n v e n t i o n a l m u l t i m o d e h e l i u m neon l a s e r s . 
H e l i u m neon l a s e r s can be s u p p l i e d w i t h e i t h e r a 
l i n e a r l y p o l a r i s e d o u t p u t , o r a r a n d o m l y p o l a r i s e d o u t p u t . L i n e a r 
p o l a r i s a t i o n i s a c h i e v e d by p l a c i n g a window i n t h e plasma t u b e 
w h i c h i s i n c l i n e d a t t h e B r e w s t e r . a n g l e . O n l y p o l a r i s a t i o n 
c o mponents w h i c h a l i g n w i t h t h e p o l a r i s a t i o n d i r e c t i o n o f t h e 
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window can e s c a p e f r o m t h e c a v i t y . 
A l t h o u g h famous f o r t h e i r o p e r a t i o n a t 632.8nm, 
h e l i u m neon l a s e r s a r e b e c o m i n g more v e r s a t i l e . For many y e a r s 
now v e r s i o n s have been a v a i l a b l e w h i c h p r o d u c e 1152nm, o r 
3391nm r a d i a t i o n . More r e c e n t l y , 1523nm r a d i a t i o n l a s e r s have 
been p r o d u c e d ; and a g r e e n l i n e o f 543.5nm has a p p e a r e d i n what 
one company c a l l s a "GreNe". A l s o a v a i l a b l e i s a m u l t i l i n e 
t u n a b l e l a s e r , w i t h a w i d e r a n g e o f o u t p u t f r e q u e n c i e s a t v a r i o u s 
p o w e r s . The r a n g e o f f r e q u e n c i e s and powers i s shown i n f i g u r e 
2.2.2. 
A n o t h e r a s p e c t o f h e l i u m neon l a s e r p r o d u c t i o n i s 
s i z e ; a p r o d u c t i s now a v a i l a b l e w h i c h i s l e s s t h a n 100mm l o n g 
and p r o d u c e s a ImW o u t p u t . T h i s i s e x c e l l e n t f o r uses i n 
i n s t r u m e n t a t i o n . 
I n summary, h e l i u m neon l a s e r s a r e t h e " b r e a d and b u t t e r " 
o f most l a s e r c o m p a n i e s . W i t h p r i c e s s t a r t i n g a t w e l l u n d e r £200, 
t h e p r o p e r t i e s o f l a s e r l i g h t a r e a v a i l a b l e t o a l m o s t anybody, 
and t h e u n i t s a r e t r u l y p o r t a b l e . However, power o u t p u t s a r e 
l i m i t e d t o 100 - 200mW, and u n t i l r e c e n t l y o n l y one v i s i b l e 
w a v e l e n g t h was a v a i l a b l e . 
2.2.2.b H e l i u m Cadmium L a s e r s 
H e l i u m cadmium l a s e r s a r e s i m i l a r t o h e l i u m neons, 
p r o d u c i n g ImW - 50mW cw r a d i a t i o n , b u t a t t h e h i g h e r f r e q u e n c i e s 
o f 325nm and 442nm. The l i f e t i m e i s l o n g (SOOOhrs) and i s l i m i t e d 
by d e p l e t i o n o f t h e cadmium. The c o s t o f t h e s e l a s e r s r a n g e s f r o m 
£4K t o £12K. 
FIGURE 2.2.2 
SPINDLER AND HOYER TUNABLE HENE LASER 
OPERATING TYPICAL 
WAVELENGTH POWER OUTPUT 
(nm) (mW) 
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2.2.2.0 I o n L a s e r s 
I o n l a s e r s use a n o b l e gas; t h e most common 
v e r s i o n s a r e e i t h e r K r y p t o n o r A r g o n . The gas i s c o n t a i n e d w i t h i n 
t h e p lasma t u b e , a v e r s i o n o f w h i c h i s i l l u s t r a t e d i n f i g u r e 
2.2.3. I f an a r g o n i o n l a s e r i s c o n s i d e r e d , t h e plasma t u b e , and 
an a d d i t i o n a l b a l l a s t ( s p a r e ) t u b e w i l l c o n t a i n o n l y a r g o n a t a 
p r e s s u r e o f a p p r o x i m a t e l y 1mm Hg. T h e r e a r e windows a t e i t h e r end 
o f t h e t u b e t o m a i n t a i n t h e vacuum. These a r e mounted a t t h e 
B r e w s t e r a n g l e t o p o l a r i s e t h e o u t p u t beam. 
The t e n v i s i b l e w a v e l e n g t h s o f l i g h t t h a t a r g o n w i l l e m i t 
a r e shown i n f i g u r e 2.2.4, as a r e t h e s e v e n k r y p t o n l i n e s . I n 
o r d e r t o s e p a r a t e t h e s e o u t , a s i m p l e g l a s s p r i s m i s p l a c e d 
b e t w e e n t h e r e a r m i r r o r and t h e plasma tube.. T h i s w i l l d i s p e r s e 
t h e w a v e l e n g t h s t h r o u g h a r a n g e o f a n g l e s . T i l t i n g t h e r e a r 
m i r r o r w i l l t h e n r e d i r e c t t h e chosen w a v e l e n g t h o f l i g h t back t o 
t h e f r o n t m i r r o r , a l l o w i n g i t t o l a s e . 
The D o p p l e r b r o a d e n e d s p e c t r a l w i d t h o f each o f 
t h e l a s e r l i n e s i n an i o n l a s e r i s q u i t e b r o a d . T y p i c a l l y , t h e 
b a n d w i d t h i s a r o u n d 5GHz, and a Im c a v i t y l e n g t h w i l l s u p p o r t 
l o n g i t u d i n a l modes ISOMHz a p a r t . T h i s r e s u l t s i n a r o u n d t h i r t y 
d i s c r e t e f r e q u e n c i e s l a s i n g s i m u l t a n e o u s l y . The c o h e r e n c e o f a 
m u l t i m o d e i o n l a s e r i s t h e r e f o r e q u i t e s h o r t : a r o u n d 60mm. To 
overcome t h i s , an e t a l o n i s p l a c e d w i t h i n t h e l a s e r c a v i t y . I n a 
s i m i l a r f a s h i o n t o t h e e n t i r e c a v i t y , an e t a l o n w i l l o n l y 
t r a n s m i t w a v e l e n g t h s w h i c h c o n s t r u c t i v e l y i n t e r f e r e . However, 
s i n c e an e t a l o n i s v e r y much s m a l l e r t h a n a l a s e r c a v i t y , t h e 
mode s p a c i n g i s p r o p o r t i o n a t e l y g r e a t e r . A p r o p e r l y d e s i g n e d 
i n t r a c a v i t y e t a l o n w i l l t h e r e f o r e r e j e c t a l l o f t h e l o n g i t u d i n a l 
modes e x c e p t one, and c a u s e l a s e r power t o be c o n c e n t r a t e d i n 
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t h i s s i n g l e mode. T h i s r e s u l t s i n a c o h e r e n c e l e n g t h o f a r o u n d 
100m. C o n s e q u e n t l y , p r a c t i c a l l y any k i n d o f i n t e r f e r o m e t r y and 
h o l o g r a p h y c an be c a r r i e d o u t . 
I o n l a s e r s a r e complex p i e c e s o f e q u i p m e n t , and 
need t o be w e l l e n g i n e e r e d i f t h e y a r e t o l a s e r e l i a b l y and w i t h 
a c o n s t a n t o u t p u t power f o r any l e n g t h o f t i m e . The power s u p p l y 
f o r a l a r g e i o n l a s e r i s a n o t h e r complex component. A t y p i c a l 
l a s e r p r o d u c i n g 4W o f l i g h t i n t o t a l w i l l need a t h r e e phase 
power s u p p l y c a p a b l e o f d e l i v e r i n g 60A on each phase. T h i s 
i l l u s t r a t e s t h e i n e f f i c i e n c y o f t h e s e l a s e r s . A l l t h i s e l e c t r i c a l 
power i s d i s s i p a t e d as h e a t , and f o r c e d a i r o r w a t e r c o o l i n g i s 
n e c e s s a r y f o r t h e l a s e r t o o p e r a t e . More e n g i n e e r i n g e f f o r t i s 
r e q u i r e d t o keep a s s o c i a t e d v i b r a t i o n s t o a minimum, and t o 
e l i m i n a t e t h e p o s s i b i l i t y o f w a t e r c o o l i n g l e a k s . I o n l a s e r s 
p r o v i d e v e r y i n t e n s e l a s e r beams a t a r a n g e o f v i s i b l e 
w a v e l e r i g t h s . However, t h e y a r e e x p e n s i v e : £5K - £-25K, and h i g h 
p o w e r ed v e r s i o n s r e q u i r e w a t e r c o o l i n g and t h r e e phase power. 
2.2.2.d C a r b o n D i o x i d e L a s e r s 
The p l a s ma t u b e o f a c a r b o n d i o x i d e l a s e r c a v i t y c o n t a i n s 
a m i x t u r e o f c a r b o n d i o x i d e , n i t r o g e n , h e l i u m and o t h e r gases. 
Two t y p e s o f l a s e r c a v i t y a r e used. The c o n v e n t i o n a l method 
e m p l o y s a f l o w o f gas down a b o r e o f t y p i c a l l y 1cm i n d i a m e t e r . A 
more r e c e n t d e v e l o p m e n t i s t h e w a v e g u i d e l a s e r . T h i s i s a 
h o l l o w c y l i n d e r w i t h a d i e l e c t r i c w a l l . I t behaves v e r y much 
l i k e an o p t i c a l f i b r e t o c o n t a i n t h e plasma w i t h i n t h e l a s i n g 
v o l u m e . 
F l o w i n g gas s y s t e m s a r e r e l a t i v e l y s i m p l e i n p r i n c i p l e . 
Once t h e gas has p a s s e d t h r o u g h t h e l a s e r , i t i s e x h a u s t e d . 
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M i r r o r a l i g n m e n t i s as c r i t i c a l as f o r o t h e r t y p e s o f l a s e r . Many 
h i g h powered u n i t s ( 1 0 ' s o f w a t t s u p w a r d s ) use t h i s s y s t e m . 
Waveguide s y s t e m s have s e v e r a l a d v a n t a g e s . The m i r r o r a l i g n m e n t 
i s l e s s c r i t i c a l . E f f i c i e n c y i s g r e a t l y i m p r o v e d because t h e 
p l a s ma i s c o n t a i n e d by t h e w a v e g u i d e . Thus a power o f 8W and more 
i s p o s s i b l e i n a p a c k a g e 40cm l o n g . I n d e p e n d e n c e f r o m i n p u t and 
o u t p u t gases makes t h e u n i t more p o r t a b l e . One d i s a d v a n t a g e i s 
t h a t i n a s e a l e d o f f l a s e r , t h e i n t e r a c t i o n between t h e 
e l e c t r i c a l d i s c h a r g e and t h e gases causes some d e c o m p o s i t i o n , 
r e s u l t i n g i n h a r m f u l by - p r o d u c t s w h i c h i n t e r f e r e w i t h t h e 
l a s i n g e f f i c i e n c y . As a r e s u l t t h e plasma t u b e and i t s gas 
r e s e r v o i r has t o be e m p t i e d , p u r g e d and r e f i l l e d w i t h a f r e s h 
s u p p l y o f t h e gas m i x t u r e . 
C a r b o n d i o x i d e l a s e r s a r e t h e most commonly used gas 
i n f r a - r e d l a s e r s ; t h e i r o u t p u t a t 10.6^m i s g e n e r a l l y h i g h 
p o w e r e d , f r o m w a t t s t o k i l o w a t t s , and i t i s o n l y r e c e n t l y t h a t 
t r u l y p o r t a b l e v e r s i o n s r e q u i r i n g . o n l y mains power have become 
a v a i l a b l e . P r i c e s r a n g e f r o m £5K t o £500K. 
2.2.2.e Dye L a s e r s 
One o f t h e p r o p e r t i e s o f l a s e r s w h i c h i s o f g r e a t 
v a l u e i s t h e i r m o n o c h r o m a t i c i t y - however f o r some a p p l i c a t i o n s 
t h i s c an become a r e s t r i c t i o n ; l a s e r s s u c h as t h o s e d e s c r i b e d 
above can o n l y o s c i l l a t e a t d i s c r e t e l i n e s , and t h e r e f o r e c a n n o t 
be c o n t i n u o u s l y t u n e d . The dye l a s e r a l o n e a l l o w s c o n t i n u o u s 
t u n i n g a c r o s s t h e s p e c t r u m f r o m 400nm t o I j j m . 
F i g u r e 2.2.5 shows a t y p i c a l c o n f i g u r a t i o n o f a dye 
l a s e r . One o f t h e most d i s t i n g u i s h i n g f e a t u r e s i s t h a t a n o t h e r 
l a s e r i s r e q u i r e d as t h e e x c i t a t i o n s o u r c e . T h i s i s t y p i c a l l y an 
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i o n l a s e r , and as i s shown, t h i s i s f o c u s s e d o n t o t h e dye s t r e a m , 
c a u s i n g an e x t r e m e l y h i g h l e v e l o f f l u o r e s c e n c e . The f o l d i n g 
m i r r o r i n t h e d i a g r a m s e r v e s t h e d u a l p u r p o s e o f f o c u s s i n g t h e 
l i g h t on t h e dye j e t , and c o l l i m a t i n g t h e o u t p u t beam. 
A f i l t e r i s p l a c e d w i t h i n t h e l a s e r c a v i t y t o 
r e s t r i c t t h e r a n g e o f o u t p u t w a v e l e n g t h s ; i n c o r p o r a t e d w i t h i n t h e 
f i l t e r i s a means by w h i c h t h e c e n t r a l w a v e l e n g t h can be t u n e d . 
Complex d e s i g n s i n v o l v i n g a c t i v e f e e d b a c k l o o p s can m a i n t a i n a 
l i n e w i d t h o f 500kHz, w i t h a t o t a l f r e q u e n c y d r i f t o f l e s s t h a n 50 
MHz p e r h o u r . 
W h i l e t h e t u n a b l e n a t u r e o f dye l a s e r s i s o b v i o u s l y an 
a t t r a c t i v e f e a t u r e , t h e y have as y e t f o u n d l i m i t e d use. T h i s i s 
c a u s e d i n t h e m a i n by two t h i n g s . F i r s t l y t h e r e q u i r e m e n t o f a 
p u m p i n g s o u r c e c a n make t h e s y s t e m cumbersome and e x p e n s i v e ; and 
s e c o n d l y e f f i c i e n t d e s i g n s have i n t h e p a s t s u f f e r e d f r o m 
p r o b l e m s o f i n s t a b i l i t y and d i f f i c u l t y o f a l i g n m e n t . 
For t h i s r e a s o n o r d i n a r y gas l a s e r s a r e s t i l l w i d e l y 
u s e d . 
I n t a b l e 2.2.1 t h e p r o p e r t i e s o f gas l a s e r s a r e 
s u m m a r i s e d f o r c o m p a r i s o n . 
2 . 2 . 2 . f Semi C o n d u c t o r L a s e r s . 
S e m i c o n d u c t o r d i o d e l a s e r s p o s s e s s a number o f f e a t u r e s 
n o t g e n e r a l l y e x h i b i t e d by o t h e r t y p e s o f l a s e r s , i n c l u d i n g 
e x t r e m e l y s m a l l s i z e , o p e r a t i n g s i m p l i c i t y , ease o f m o d u l a t i o n a t 
h i g h s p e e d s , w i d e s p e c t r a l t u n a b i l i t y d u r i n g o p e r a t i o n , and 
c o v e r a g e o f a b r o a d s p e c t r a l r a n g e f r o m t h e v i s i b l e i n t o t h e f a r 
i n f r a - r e d r e g i o n . These and o t h e r f e a t u r e s f o r m t h e b a s i s f o r a 
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9.6 - 11.6 
50 l i n e s 
S t r o n g e s t 
10.6 
325; .442 
0.5 - 3.4 
15 l i n e s 












5mW - ~5000 L i f e t i m e l i m i t e d by 
25W Cathode f a i l u r e . 
C o s t £6K - £50K 
E f f i c i e n c y 0.03% 
S p e c i a l power and 
c o o l i n g r e q u i r e d . 
IW - 1000 - L i f e t i m e l i m i t e d by 
lOkW 10000 gas m i x . L a r g e 
l a s e r s use gas f l o w . 
E f f i c i e n c y <107o 
C o s t £4K - £200K 
ImW - ~5000 L i f e t i m e l i m i t e d by 
50mW Cadmium d e p l e t i o n . 
E f f i c i e n c y 0 . 1 % 
Co s t £4K - £12K 
0.5mW >2000 L i f e t i m e p r o b a b l y 
- 50mW l i m i t e d by br e a k a g e . 
E f f i c i e n c y 0 . 1 % 
Co s t <£100 - £15K 
IW - ~5000 L i f e t i m e l i m i t e d by 
low c a t h o d e f a i l u r e . 
C o s t £6K - £50K 
E f f i c i e n c y <0.03% 
S p e c i a l power and 
c o o l i n g r e q u i r e d . 
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v a r i e t y o f a p p l i c a t i o n s i n i n s t r u m e n t a t i o n . W h i l e t h e s e 
p o t e n t i a l s have been r e c o g n i s e d s i n c e t h e f i r s t d e v e l o p m e n t o f 
d i o d e l a s e r s , r e a l i s a t i o n h a s, u n t i l l a t e l y , been s e v e r e l y 
h i n d e r e d by l o w o p e r a t i n g t e m p e r a t u r e s , p o o r l i f e t i m e , and o t h e r 
p r o b l e m s . R e c e n t t e c h n o l o g i c a l advances have l e d t o m a j o r 
i m p r o v e m e n t s i n t h e s e a r e a s , and t o a c o r r e s p o n d i n g i n c r e a s e i n 
t h e i n t e r e s t i n , and u t i l i s a t i o n o f , d i o d e l a s e r s . 
A l t h o u g h d i o d e l a s e r s c an be made u s i n g l e a d s a l t s (PbTe, 
PbSe, PbS) w h i c h c an p r o d u c e l a s e r r a d i a t i o n f r o m 2. 7jjm t o o v e r 
30pm, t h e s e d e v i c e s o p e r a t e a t c r y o g e n i c t e m p e r a t u r e s ( 7 7 K ) . The 
most h i g h l y e n g i n e e r e d and t e s t e d d e v i c e s a r e d e v i s e d 
f r o m t h e t e r n a r y a l l o y s y s t e m AlxGai-^As. These l a s e r s , i n 
c o m m e r c i a l l y a v a i l a b l e f o r m , can p r o d u c e up t o 30raW cw a t 27C 
w i t h t h r e s h o l d c u r r e n t s as l o w as 100mA. 
By c o n t r o l l i n g t h e c o m p o s i t i o n o f t h e a c t i v e r e g i o n 
d u r i n g m a n u f a c t u r e , l a s e r e m i s s i o n w a v e l e n g t h a t any p r e s e l e c t e d 
v a l u e f r o m l e s s t h a n 0. 6jjm t o beyond 30pm i s i n p r i n c i p l e 
a t t a i n a b l e by t h i s method. D i o d e l a s e r s can a l s o be t u n e d d u r i n g 
o p e r a t i o n by v a r y i n g one o f a number o f p a r a m e t e r s w h i c h 
a f f e c t t h e bandgap and r e f r a c t i v e i n d e x . T e m p e r a t u r e i s t h e 
most u s e d i n p r a c t i c e , p l u s b i a s c u r r e n t v a r i a t i o n , w h i c h 
p r o v i d e s a s m a l l b u t s i g n i f i c a n t I^R h e a t i n g e f f e c t . P r e s s u r e 
and m a g n e t i c f i e l d c a n a l s o be used . I n d i v i d u a l l a s e r s have been 
t u n e d f r o m 9 - 12pm u s i n g t e m p e r a t u r e v a r i a t i o n . 
Once l a s i n g i s a c h i e v e d , v e r y s m a l l i n c r e a s e s i n s u p p l y 
c u r r e n t p r o d u c e huge i n c r e a s e s i n l a s e r power. D i o d e l a s e r power 
c i r c u i t s a r e t h e r e f o r e h e a v i l y smoothed, s i n c e i t i s common f o r 
t h e r e f l e c t i n g f a c e t s t o be p e r m a n e n t l y damaged by t h e o p t i c a l 
power d e n s i t i e s g e n e r a t e d w i t h i n t h e c a v i t y . 
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R e s e a r c h and d e v e l o p m e n t i s h i g h l y i n t e n s i v e , d r i v e n by 
s u c h m a r k e t s as o p t i c a l d a t a s t o r a g e and compact d i s c s , i n 
p r o p e r t i e s s u c h as: 
h i g h e r o u t p u t p o w e r s , 
s h o r t e r ( v i s i b l e ) w a v e l e n g t h s , 
s p e c i f i c l o n g e r i n f r a - r e d w a v e l e n g t h s , 
s t a b l e s i n g l e l i n e n a r r o w s p e c t r a l b a n d w i d t h s , 
v e r y h i g h m o d u l a t i o n f r e q u e n c i e s , 
r e g u l a r beam p a t t e r n s . 
E a r l y d i o d e l a s e r s o f f e r e d a few mW o u t p u t powers i n t h e 
0.8 - 0. 9jjm r e g i o n u s i n g GaAs and GaAlAs. More r e c e n t l y , 
d e v i c e s o f f e r i n g up t o 30mW cw a t room t e m p e r a t u r e w i t h g r e a t e r 
t h a n lOOOOhrs. l i f e t i m e have become a v a i l a b l e . These h i g h e r 
p o wers a r e a c h i e v e d i n a number o f ways, f o r example i n c r e a s i n g 
t h e d i o d e o u t p u t window ( f a c e t ) a r e a , and u s i n g ' a n t i - r e f l e c t i o n 
c o a t e d and non - l i g h t a b s o r b i n g f a c e t s . 
To a c h i e v e e v e n h i g h e r p o w e r s, m u l t i p l e e m i t t e r 
l a s e r a r r a y s have become a v a i l a b l e . O p t i c a l i n t e r a c t i o n between 
i n d i v i d u a l e m i t t e r s a c r o s s a l a s e r c h i p e n a b l e s phase m a t c h i n g t o 
o c c u r , so t h a t a l l t h e l a s e r s a c t as a s i n g l e s o u r c e . Phased 
a r r a y GaAlAs d i o d e s a r e a v a i l a b l e w i t h powers o f up t o 200mW cw 
f o r a r o u n d £1K - £2K, a p r i c e w h i c h i s l i k e l y t o f a l l w i t h 
i n c r e a s i n g a p p l i c a t i o n and p r o d u c t i o n v o l u m e . W i t h o u t p u t powers 
l i k e l y t o i n c r e a s e , t h e s e u n i t s compare v e r y f a v o u r a b l y w i t h 
c o n v e n t i o n a l h e l i u m neon ( 1 - 50mW) and a i r c o o l e d (5 - lOOmW) 
and w a t e r c o o l e d ( u p t o 20W) i o n l a s e r s ; e s p e c i a l l y s i n c e 
e f f i c i e n c i e s o f d i o d e l a s e r s a r e f r o m 1 % t o 20% compared w i t h 
0.01 - 1 % f o r gas l a s e r s . 
The d e v e l o p m e n t o f v i s i b l e w a v e l e n g t h l a s e r d i o d e s i s 
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a c t i v e l y p u r s u e d . The NEC R e s e a r c h L a b o r a t o r i e s have announced a 
room t e m p e r a t u r e AlGalnP/GaAs d e v i c e g i v i n g ImW a t 661.7nm. A t 
t h e Sony R e s e a r c h C e n t r e an A l G a l n P l a s e r p r o d u c e d 2mW o f 671nm 
r a d i a t i o n . I n p r i n c i p l e t h e bandgaps a v a i l a b l e f r o m I I I - V 
compounds w o u l d e n a b l e l a s e r d e v i c e s t o be c o n s t r u c t e d w i t h 
w a v e l e n g t h s as s h o r t as SOOnm o r below. To a c h i e v e t h i s , newer 
m a t e r i a l s a r e r e q u i r e d s u c h as InGaP and I n A l P t o c r e a t e 
h e t e r o s t r u c t u r e d e v i c e s . C o m m e r c i a l v i s i b l e d i o d e l a s e r s a r e now 
a v a i l a b l e ; S p i n d l e r and Hoyer m a r k e t a 5mW 750nm v e r s i o n , and a 
IraW 660nm u n i t . More a r e s u r e t o f o l l o w . 
2.2.3 I n c o h e r e n t L i g h t S o u r c e s . 
The s o u r c e s o f l i g h t d i s c u s s e d i n t h i s s e c t i o n 
r e l y on s p o n t a n e o u s e m i s s i o n f r o m a p h y s i c a l l y e x t e n d e d s u r f a c e 
o r v o l u m e . 
2.2.3.a I n c a n d e s c e n t Lamps 
The i n c a n d e s c e n t lamp, s p e c i f i c a l l y t h e t u n g s t e n 
f i l a m e n t lamp, i s by f a r t h e most p o p u l a r l i g h t s o u r c e f o r 
g e n e r a l a p p l i c a t i o n s , b e c a u s e o f i t s s i m p l i c i t y and r e l a t i v e l y 
h i g h l u m i n a n c e . 
A l t h o u g h m a t e r i a l s and f a b r i c a t i o n t e c h n o l o g y c o n t r i b u t e 
t o t h e r e l a t i v e h i g h c o s t o f t u n g s t e n - h a l o g e n lamps o v e r 
t r a d i t i o n a l i n c a n d e s c e n t v e r s i o n s , t h e " W a t t s p e r pound" s c a l e i s 
h e a v i l y i n i t s f a v o u r when compared w i t h o t h e r s o u r c e s used i n 
e l e c t r o - o p t i c a l i n s t r u m e n t a t i o n t o d a y . A l s o i n i t s f a v o u r i s 
t h e w i d e s p r e a d d i s t r u s t o f t h e l a s e r ; w h i t e l i g h t i s s o m e t h i n g 
e v e r y o n e u n d e r s t a n d s and i s u n a f r a i d o f . 
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2.2.3.b Gaseous D i s c h a r g e Lamps 
W h i l e d e v e l o p e d p r i m a r i l y f o r t h e i r use i n t h e 
f i e l d o f i l l u m i n a t i o n , d i s c h a r g e lamps a l s o have t h e i r 
a p p l i c a t i o n s i n o p t i c a l i n s t r u m e n t a t i o n . I n c o m p a r i s o n w i t h 
i n c a n d e s c e n t l a m p s , t h e s e s o u r c e s t e n d t o be l o n g l i v e d and 
h i g h l y e f f i c i e n t b u t r e q u i r e more c o m p l i c a t e d c i r c u i t r y f o r 
o p e r a t i o n and have h i g h e r i n i t i a l c o s t s . D i s c h a r g e lamps e x h i b i t 
" n e g a t i v e r e s i s t a n c e " . T h i s means t h a t t h e v o l t a g e a c r o s s t h e a r c 
d r o p s as t h e c u r r e n t i n c r e a s e s ; t h e lamp w i l l l i t e r a l l y s e l f -
d e s t r u c t u n l e s s an e x t e r n a l b a l l a s t i s e m p loyed t o l i m i t t h e 
c u r r e n t . 
Low p r e s s u r e a r c d i s c h a r g e lamps a r e more commonly known 
as f l u o r e s c e n t l amps. I n t h e s e s o u r c e s a l o w p r e s s u r e m e r c u r y a r c 
t r a n s f o r m s e l e c t r i c a l e n e r g y i n t o 253.7nm u l t r a - v i o l e t 
r a d i a t i o n . The w a l l s o f t h e lamp a r e c o a t e d w i t h p h o s p h o r , w h i c h 
f l u o r e s c e s when t h e u l t r a - v i o l e t r a d i a t i o n i s i n c i d e n t upon i t . 
The s p e c t r a l o u t p u t o f f l u o r e s c e n t lamps i s c h a r a c t e r i s e d by a 
b r o a d e m i s s i o n band f r o m t h e p h o s p h o r i n c o n j u n c t i o n w i t h t h e 
c h a r a c t e r i s t i c n a r r o w s p e c t r a l l i n e s o f t h e l o w p r e s s u r e m e r c u r y 
a r c . Between t h e w a v e l e n g t h l i m i t s o f 300nra and 850nm a w i d e 
v a r i e t y o f d i s t r i b u t i o n s i s p o s s i b l e . 
Medium p r e s s u r e lamps o p e r a t e a t between 1 and 10 atm. 
M e r c u r y , m e t a l h a l i d e and s o d i u m v e r s i o n s a r e t h e most common. 
The c l e a r m e r c u r y lamp has a s p e c t r u m c o n s i s t i n g m a i n l y o f s t r o n g 
l i n e s a t 365.0, 404.7, 435.8, 546.1 and 578.0 nm. T h i s makes i t 
u s e f u l f o r t h e d e t e r m i n a t i o n o f r e f r a c t i v e i n d i c e s and d i s p e r s i o n 
o f m a t e r i a l s . F o r i l l u m i n a t i o n however t h e lamp i s n o r m a l l y 
e n c l o s e d w i t h i n a n i t r o g e n f i l l e d o u t e r g l a s s e n v e l o p e . T h i s 
a b s o r b s t h e h a z a r d o u s u l t r a - v i o l e t r a d i a t i o n , and has t h e added 
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b e n e f i t s o f r e g u l a t i n g t h e t e m p e r a t u r e o f t h e t u b e and p r o t e c t i n g 
i t f r o m a t m o s p h e r i c c o r r o s i o n . 
M e t a l a d d i t i v e , o r m e t a l h a l i d e lamps a r e p r o d u c e d 
t o overcome t h e l i m i t e d s p e c t r a l d i s t r i b u t i o n o f t h e m e r c u r y 
lamp. By v a r y i n g t h e c h o i c e and p r o p o r t i o n s o f t h e a d d i t i v e s 
w h i c h a r e i n c o r p o r a t e d , t h e lamps can be v a r i e d i n t h e i r s p e c t r a l 
o u t p u t a l m o s t a t w i l l . 
Medium p r e s s u r e s o d i u m lamps p r o d u c e a b roadened 
s o d i u m d o u b l e t o u t p u t , and a r e a v a i l a b l e i n a r a n g e o f s i z e s and 
o u t p u t p o w e r s . 
H i g h p r e s s u r e a r c lamps p r o d u c e t h e h i g h e s t 
l u m i n a n c e a v a i l a b l e f r o m a p r a c t i c a l l i g h t s o u r c e . 
The open c a r b o n a r c p r o d u c e s a v e r y i n t e n s e 
b r o a d b a n d s o u r c e o f l i g h t . The a r c i s f o r m e d between two c a r b o n 
r o d s w h i c h a r e consumed i n t h e p r o c e s s and a r e f e d c o n t i n u o u s l y 
t o m a i n t a i n t h e s p a c i n g . These s o u r c e s a r e e s s e n t i a l l y g r a y body 
r a d i a t o r s a t a b o u t 6000K c o l o u r t e m p e r a t u r e . 
The h i g h p r e s s u r e m e r c u r y a r c s o u r c e i s o p e r a t e d above 
l O a t m p r e s s u r e . The lamp p r o d u c e s r a d i a t e d e n e r g y w h i c h i s 
d i s t r i b u t e d a b o u t e v e n l y b e t w e e n t h e l i n e and t h e c o n t i n u o u s 
s p e c t r u m . 
I n a h i g h p r e s s u r e gas a r c lamp, t h e a r c i s p r o d u c e d i n 
one o f t h e i n e r t g a s e s . The s p e c t r u m o f t h e h i g h p r e s s u r e xenon 
a r c lamp i s c o n t i n u o u s i n n a t u r e i n t h e v i s i b l e r e g i o n , and i t s 
c l o s e m a t c h t o t h e o u t p u t o f t h e sun (as shown by t h e d o t t e d l i n e 
i n f i g u r e 2.2.6) means t h a t t h i s lamp i s o f t e n used i n 
i n s t r u m e n t a t i o n as a " s o l a r s i m u l a t o r " . 
The e n c l o s e d c o n c e n t r a t e d z i r c o n i u m a r c lamp uses an 
a r g o n a t m o s p h e r e and o x i d e c o a t e d c a t h o d e f r o m w h i c h m e t a l l i c 
FIGURE 2.2.6 
SPECTRUM OF HIGH PRESSURE XENON ARC LAMP 
Xenon Arc 
S p e c t r a l Energy 
S o l a r S p e c t r a l 
I r r a d i a n c e 
0-2 0.4 0,6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Wavelength ( m i c r o n s ) 
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z i r c o n i u m i s e v a p o r a t e d b ecause o f t h e h i g h c a t h o d e t e m p e r a t u r e s 
d e v e l o p e d d u r i n g o p e r a t i o n . The e m i s s i o n s p e c t r u m i s a l m o s t f r e e 
o f l i n e s i n t h e v i s i b l e p o r t i o n o f t h e s p e c t r u m . T h e i r s m a l l 
s o u r c e d i a m e t e r s ( 0 . 1 3 t o 2.75 mm) make them u s e f u l as h i g h 
e f f i c i e n c y " p o i n t s o u r c e s " . 
2.2.3.C L i g h t E m i t t i n g D i o d e s 
The common c o m m e r c i a l l y a v a i l a b l e LED's a r e f o r m e d o f 
a t e r n a r y compound o f g a l l i u m a r s e n i d e and g a l l i u m p h o s p h i d e 
GaAsi-xPx. The x has v a l u e s between z e r o and one. Pure g a l l i u m 
p h o s p h i d e ( x = 1) p r o d u c e s 560nm r a d i a t i o n ; p u r e g a l l i u m a r s e n i d e 
( x = 0) p r o d u c e s 900nm r a d i a t i o n . Compounds w i t h i n t e r m e d i a t e 
v a l u e s o f x p r o d u c e c o r r e s p o n d i n g w a v e l e n g t h s w i t h i n t h e two 
e x t r e m e s . 
An LED p r o d u c e s a L a m b e r t i a n l i g h t d i s t r i b u t i o n . T h i s i s 
u s u a l l y m o d i f i e d t o p r o d u c e a d e g r e e o f c o l l i m a t i o n , t h e r e b y 
i n c r e a s i n g t h e a p p a r e n t b r i g h t n e s s o f t h e u n i t . N o r m a l l y t h e 
d i o d e and i t s mount a r e s e a l e d i n p l a s t i c o r an epoxy whose 
s u r f a c e f o r m s t h e l e n s . I n c r e a s i n g t h e r e f r a c t i v e i n d e x o f t h e 
m a t e r i a l i n c o n t a c t w i t h t h e s e m i c o n d u c t o r i n t h i s way r e d u c e s 
F r e s n e l l o s s e s , and l o s s e s due t o t o t a l i n t e r n a l r e f l e c t i o n . 
O p e r a t i n g p a r a m e t e r s f o r c o m m e r c i a l l y a v a i l a b l e s o l i d 
s t a t e lamps c a n o n l y be t a k e n as g u i d e l i n e s . F i r s t l y , s i g n i f i c a n t 
c hanges o c c u r w i t h v a r i a t i o n s i n a m b i e n t t e m p e r a t u r e . From room 
t e m p e r a t u r e t o t h e maximum o p e r a t i n g t e m p e r a t u r e o f a r o u n d 80C, 
power o u t p u t d r o p s s e v e r a l t i m e s o v e r (as i t a l s o does w i t h t h e 
age o f t h e u n i t ) and o u t p u t w a v e l e n g t h can i n c r e a s e by up t o 
lOnm. S e c o n d l y , i n h e r e n t v a r i a t i o n b etween i n d i v i d u a l lamps can 
be as h i g h as f i v e t o one f o r maximum i n t e n s i t y ; +/- 20nm f o r 
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peak wavelength, and +/-10 degrees f o r t h e o p t i c a l and mechanical 
a x i s . These t o l e r a n c e s can v a r y c o n s i d e r a b l y , so care must be 
t a k e n t o r e f e r t o t h e manufacturer's s p e c i f i c a t i o n s . 
C u r r e n t development o f LED's c o n c e n t r a t e s on r e d u c i n g t h e 
o u t p u t wavelength, and i n c r e a s i n g t h e o u t p u t power. Recently a 
b l u e , 480nra, s i l i c o n c a r b i d e LED has become a v a i l a b l e , but t h e 
o u t p u t powers ar e low, and t h e u n i t s are tens of pounds each 
(compared w i t h a few pence f o r s t a n d a r d v e r s i o n s ordered i n 
q u a n t i t y ) . There e x i s t s a b l u e edge e m i t t i n g z i n c s u l p h i d e LED, 
w i t h up t o 100 t i m e s t h e o u t p u t power o f s i l i c o n c a r b i d e LED's, 
but t h i s i s a t t h e development stage. 
The search f o r more p o w e r f u l LED's i s being l e d a t 
t h e moment by t h e Xerox Palo A l t o Research Centre, which has a 
"quantum w e l l " s u r f a c e e m i t t i n g LED which can produce 200mW of cw 
o p t i c a l power a t 715nm. 
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2.3 O p t i c a l M a t e r i a l s 
2.3.1. I n t r o d u c t i o n 
I n t h i s p a r t o f t h e r e v i e w , t h e r o l e played by o p t i c a l 
m a t e r i a l s i n i n s t r u m e n t a t i o n i s d i s c u s s e d . The study i s s p l i t 
i n t o t h r e e wavelength r e g i o n s . This i s because across t h e 
s p e c t r a l r e g i o n o f i n t e r e s t t h e a b s o r p t i o n peaks o f oxygen, 
carbon d i o x i d e and water i n t h e atmosphere r e s u l t i n t h r e e 
s p e c t r a l 'windows' a t which r a d i a t i o n i s t r a n s m i t t e d . The mid 
i n f r a - r e d window i s g e n e r a l l y accepted as being 3 - 5 pm; t h e 
f a r i n f r a - r e d window 7.5 - 14 pm, and f o r t h e purposes of t h i s 
d i s c u s s i o n t h e o t h e r window w i l l be d e s c r i b e d as t h e v i s i b l e and 
near i n f r a - r e d (0.4 - 2.4 ^m). The m a t e r i a l s a v a i l a b l e f o r each 
window w i l l be examined w i t h r e s p e c t t o t h e i r t r a n s m i s s i o n , 
r e f r a c t i v e i ndex (and i t s v a r i a t i o n i . e . d i s p e r s i o n ) , 
homogeneity, and r e l e v a n t p h y s i c a l p r o p e r t i e s . 
2.3.2. V i s i b l e and Near I n f r a - Red 
2.3.2.a Glass 
O p t i c a l g l a s s e s have been produced f o r hundreds of years, 
and t h e r e a r e now a g r e a t number o f d i f f e r e n t t y pes a v a i l a b l e f o r 
use i n t h e v i s i b l e and near i n f r a - r e d r e g i o n o f t h e spectrum. 
I n g l a s s e s produced f o r o p t i c a l systems t h e dependence of 
t r a n s m i s s i o n on wavelength i s k e p t t o a minimum. The s i l i c a t e 
o p t i c a l g l a s s e s , a v a i l a b l e from major s u p p l i e r s i n Europe, USA 
and Japan, range i n p r i n c i p a l r e f r a c t i v e index (nd) a p p r o x i m a t e l y 
from 1.40 t o 2.05 and i n r e c i p r o c a l d i s p e r s i v e power or Abbe 
v a l u e (Vd - t h e dependence o f t h e r e f r a c t i v e index on wavelength) 
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a p p r o x i m a t e l y from 15 t o 100 where Vd= (n,,-! ) / {n,-nc) . A p l o t of 
nd a g a i n s t Vd f o r a range o f a v a i l a b l e glasses i s shown i n f i g u r e 
2.3.1. I n g e n e r a l , g l a s s e s w i t h nd > 1.6 and Vd > 50, and those 
w i t h nd < 1.6 and Vd > 55 are known as crown g l a s s e s , t h e 
remainder as f l i n t g l a s s e s . The r e f r a c t i v e index f o r SiOa glas s 
i s 1.4528. T h i s can be decreased by t h e s u b s t i t u t i o n o f f l u o r i n e 
f o r oxygen, or o f BaO^ . S u b s t i t u t i o n o f a l k a l i and a l k a l i n e e a r t h 
o x i d e s i n c r e a s e s t h e r e f r a c t i v e index. The need f o r so many 
d i f f e r e n t g l a s s e s r e s u l t s from t h e need f o r v e r y h i g h r e s o l u t i o n 
imaging systems. The d i f f e r e n t g lasses are used f o r c o r r e c t i n g 
t h e v a r i o u s l e n s a b e r r a t i o n s t o minimal v a l u e s . For i n s t a n c e i n 
a c h r o m a t i c systems c h r o m a t i c a b e r r a t i o n i s c o r r e c t e d a t two 
wavelengths, one i n t h e r e d and another i n t h e b l u e p a r t of the 
v i s i b l e spectrum, but t h e spectrum between i s u n c o r r e c t e d . 
However i n apochroraatic systems t h i s secondary spectrum i s a l s o 
c o r r e c t e d perhaps a t as many as t e n wavelengths t o ensure minimum 
c h r o m a t i c a b e r r a t i o n . 
The homogeneity o f o p t i c a l glasses i s an i m p o r t a n t 
c o n s i d e r a t i o n . I n r e c e n t years o p t i c a l glasses w i t h h i g h e r 
homogeneity have become i n d i s p e n s a b l e t o t h e f a b r i c a t i o n o f most 
p r e c i s e o p t i c a l systems such as l a r g e t e l e s c o p e s , a e r i a l 
r e c o n n a i s s a n c e cameras, and m i c r o l i t h o g r a p h i c cameras (used f o r 
l a r g e s c a l e i n t e g r a t e d c i r c u i t s ) . Companies have t h e i r own 
methods o f p r o d u c i n g as homogeneous a base product as p o s s i b l e , 
b u t t h e g l a s s must be " f i n e annealed" t o r e l i e v e s t r e s s e s i n i t . 
I t i s t h e n examined f o r s t r i a t i o n , n o r m a l l y w i t h some shadowgraph 
t e c h n i q u e , and t h e i n d e x v a r i a t i o n i t s e l f i s found u s i n g 
i n t e r f e r o m e t r y ; commonly u s i n g t h e g l a s s blank, by g r i n d i n g t h e 
n 








s u r f a c e s and matching them w i t h o i l t o h i g h q u a l i t y p o l i s h e d 
o p t i c a l f l a t s . Normal h i g h homogeneity s p e c i f i c a t i o n s range i n 
v a r i a t i o n o f r e f r a c t i v e index from 10"' t o 10"*. 
Recent g l a s s developments i n c l u d e r e d u c i n g t h e weight o f 
some o f t h e dense f l i n t g l a s s e s , t o a l l o w t h e i r a b e r r a t i o n 
c o r r e c t i o n p r o p e r t i e s t o be used i n zoom lenses and space 
o b s e r v a t i o n systems; p r o d u c i n g covers f o r s o l a r c e l l s which have 
t h e a p p r o p r i a t e s p e c t r a l t r a n s m i s s i o n y e t w i t h t h e same expansion 
c o e f f i c i e n t as s i l i c o n ; and pr o d u c i n g g l a s s f o r photocopying 
a p p l i c a t i o n s w i t h r e s t r i c t e d t r a n s m i s s i o n a t t h e low and h i g h 
wavelength ends o f t h e v i s i b l e spectrum, t o l i m i t chromatic 
a b e r r a t i o n . 
2.3.2.b P l a s t i c s 
S e v e r a l p l a s t i c s e x i s t which possess o p t i c a l p r o p e r t i e s , 
and as such r e p r e s e n t an a l t e r n a t i v e t o g l a s s as a m a t e r i a l . A 
g r e a t d e a l o f e f f o r t was made.to develop p l a s t i c s f o r o p t i c a l 
systems d u r i n g t h e Second World War, and a few systems 
i n c o r p o r a t i n g p l a s t i c s were produced, but f o r many years s i n c e 
t h a t t i m e i t was not tak e n as a s e r i o u s c o m p e t i t o r f o r g l a s s . I n 
some r e s p e c t s t h i s i s s t i l l t r u e . However i n r e c e n t years 
p r o d u c t i o n t e c h n i q u e s i n t h e t h r e e main m a n u f a c t u r i n g methods f o r 
p l a s t i c o p t i c s - c a s t i n g , moulding and machining - have improved 
v a s t l y . As a r e s u l t , p l a s t i c i s a r e a l c o m p e t i t o r t o g l a s s i n 
some f i e l d s . P r o d u c t i o n volume i s an i m p o r t a n t f a c t o r f o r 
d e t e r m i n i n g t h e p r a c t i c a l i t y o f p l a s t i c optics.- i f t h e q u a n t i t i e s 
r e q u i r e d a re from one t o two thousand upward, moulded p l a s t i c 
o p t i c s can be s u p p l i e d when t h e q u a l i t y , weight and / or o t h e r 
f a c t o r s w a r r a n t t h e i r c o n s i d e r a t i o n . 
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I n ^ t h e o p h t h a l m i c s i n d u s t r y t h e r e are a h a n d f u l of 
manu f a c t u r e r s s u p p l y i n g s p e c t a c l e lenses p r a c t i c a l l y by the 
m i l l i o n . They are made o f a l l y l d i g l y c o l carbonate - CR39. The 
o p t i c a l p r o p e r t i e s o f t h i s m a t e r i a l ( a l o n g w i t h t h e o t h e r major 
t y p e s ) are o u t l i n e d i n t a b l e 2.3.1. The lenses are cast i n gl a s s 
moulds. The c u r i n g c y c l e must be c a r r i e d out i n c a r e f u l l y 
c o n t r o l l e d t e m p e r a t u r e c o n d i t i o n s t o a v o i d t h e i n t r o d u c t i o n of 
s t r a i n s and d i s t o r t i o n . Shrinkage f o r CR39 i s h i g h (up t o 14%) as 
i s t h e change i n r e f r a c t i v e index w i t h temperature (dn/dt = -14 x 
10"'). However i n o p h t h a l m i c o p t i c s these v a r i a t i o n s do not cause 
problems. P l a s t i c components can a l s o be moulded. Compression 
moulding (developed t o a f i n e a r t by t h e r e c o r d i n d u s t r y ) i s used 
t o produce f r e s n e l lenses and l e n t i c u l a r l e n s a r r a y s . However the 
m a j o r i t y o f h i g h q u a l i t y p l a s t i c o p t i c s made i n volume are made 
by i n j e c t i o n moulding. The t o o l i n g mould design i s h i g h l y 
s p e c i a l i s e d , c o n s i s t i n g n o r m a l l y o f a s t e e l base and chromium 
s t a i n l e s s s t e e l i n s e r t s . The i n s e r t s are e i t h e r o p t i c a l l y 
p o l i s h e d , or s i n g l e p o i n t diamond machined. 
The t r a n s m i s s i o n o f f o u r of t h e major o p t i c a l p l a s t i c s i s 
shown i n f i g u r e 2.3.2. They are a l l s i m i l a r , w i t h good 
t r a n s m i s s i o n across t h e v i s i b l e range. Comparing t a b l e 2.3.1 w i t h 
f i g u r e 2.3.1 w i l l show where each of t h e p l a s t i c s are on t h e n,, -
Vd diagram. A c r y l i c i s t h e 'crown' of p l a s t i c s , p o l y s t y r e n e t h e 
' f l i n t ' . Homogeneity i s n o r m a l l y an ord e r o f magnitude down on 
g l a s s ; t e s t s w i t h a c r y l i c lenses r e v e a l v a r i a t i o n s o f 1.7 x lO-*, 
whereas gla s s e s are s p e c i f i e d i n t h e 10*' t o 10'* range. The 
v a r i a t i o n i n r e f r a c t i v e index w i t h temperature i s s i m i l a r l y 
p r o p o r t i o n a t e l y large,- f o r a c r y l i c dn/dt = -8.5x10"', and BK7 
g l a s s t h e v a l u e i s 0.3x10"'. However i f t h e a p p l i c a t i o n i s not 
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t o o s t r i n g e n t t h i s w i l l n ot present a problem: a 25mm diameter 
a c r y l i c l e n s w i l l change by 76pm when heated from 27C t o 65C; i t s 
f o c a l l e n g t h w i l l i n c r e a s e by 0.2mm. P l a s t i c s are not as a b r a s i o n 
r e s i s t a n t as g l a s s e s , and s u f f e r t h e same losses from 
r e f l e c t i o n , b u t i t i s d i f f i c u l t t o put down s t r o n g l y a d h e r i n g 
c o a t i n g s onto them. Thus g l a s s w i l l always be p r e f e r a b l e from 
t h i s p o i n t o f view u n t i l t h e a p p r o p r i a t e c o a t i n g technology i s 
developed. 
2.3.3. Mid I n f r a - Red 
2.3.3.a Glasses 
The glasses d e s c r i b e d above f o r t h e v i s i b l e and near 
i n f r a - r e d r e g i o n a re v e r s i o n s o f s i l i c a t e g lasses. For 
t r a n s m i s s i o n up t o 5 or 6 ^ m o t h e r b a s i c types o f gl a s s are 
r e q u i r e d . Calcium a l u r a i n a t e glasses (CaO-AlzOa-MgO) were worked 
on as e a r l y as 1916, and t r a n s m i t up t o 5_;jm (see f i g u r e 2.3.3). 
Poor w e a t h e r i n g r e s i s t a n c e can be overcome by a n t i - r e f l e c t i o n 
c o a t i n g s o f MgF2 or SiO. Germanium d i o x i d e i s a gl a s s former 
and demonstrates a good t r a n s m i s s i o n out t o about 6 pm but i t i s 
expensive and has poorer mechanical p r o p e r t i e s . Corning developed 
a u s e f u l germanate g l a s s c o m p o s i t i o n . Corning code 9754, which i s 
i n f a c t a c a l c i u m alumino germinate g l a s s . This overcame 
some o f t h e problems o f c a l c i u m a l u m i n a t e glasses w h i l s t 
r e t a i n i n g s u f f i c i e n t l y r o b u s t mechanical p r o p e r t i e s and adequate 
i n f r a - r e d t r a n s m i t t a n c e (see f i g u r e 2.3.3) a t o n l y a l i t t l e 
e x t r a c o s t . 
FIGURE 2.3.3 
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2.3.3. b Ceramics 
Du r i n g t h e l a t e 1950's and e a r l y 1960's t h e need f o r 
a i r b o r n e i n f r a - r e d windows s t i m u l a t e d work on hot pressed 
ceramics, r e s u l t i n g i n a range o f hot pressed p o l y c r y s t a l l i n e 
s o l i d s b e i n g manufactured by Eastman Kodak. MgF2 ( I r t r a n 1) has 
found e x t e n s i v e use as an a i r b o r n e i n f r a - red window m a t e r i a l as 
i t has e x c e l l e n t t h e r m a l and mechanical p r o p e r t i e s . I t s 
t r a n s m i s s i o n i s shown i n f i g u r e 2.3.4. Although i t tends t o 
s c a t t e r ( 8 % a t 2jjm) , t h e o p t i c a l p r o p e r t i e s are good enough 
f o r a l l b u t h i g h r e s o l u t i o n imaging a p p l i c a t i o n s . CaFa ( I r t r a n 3) 
was t h e best v i s u a l l y t r a n s m i t t i n g m a t e r i a l but i t s c a t t e r e d 
s l i g h t l y more th a n I r t r a n 1. I t s tra n s m i s s o n i s shown i n f i g u r e 
2.3.4. I r t r a n 5 i s MgO. The t r a n s m i s s i o n c h a r a c t e r i s t i c s o f t h i s 
are a l s o shown i n f i g u r e 2.3.4. The s c a t t e r o f t h i s m a t e r i a l can 
be g r e a t l y reduced by t h e a d d i t i o n o f a l i t t l e L i F . 
2.3.3.C Sapphire 
The c o m b i n a t i o n o f e x c e l l e n t mechanical and o p t i c a l 
p r o p e r t i e s e x h i b i t e d by s a p p h i r e makes i t an e x c e l l e n t choice f o r 
a v a r i e t y o f demanding o p t i c a l a p p l i c a t i o n s . I t has a wide range 
o f t r a n s m i s s i o n ( f i g u r e 2.3.5). I t i s one of t h e hardest o f the 
o x i d e c r y s t a l s and m a i n t a i n s a good s t r e n g t h a t h i g h 
t e m p e r a t u r e s . I t possesses good t h e r m a l p r o p e r t i e s and e x c e l l e n t 
c hemical d u r a b i l i t y . However i t s h i g h s t r e n g t h and hardness make 
i t d i f f i c u l t t o shape, and i t s hexagonal c r y s t a l s t r u c t u r e 
r e s u l t s i n a n i s o t r o p i c p r o p e r t i e s . 
FIGURE 2.3.4 
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2.3.3. d S i l i c o n 
Over t h e l a s t 30 years or so, s i l i c o n has been developed 
as t h e w o r l d ' s major semiconductor m a t e r i a l . I t i s thus r e a d i l y 
a v a i l a b l e i n h i g h q u a l i t y and q u a n t i t y f o r use i n i n f r a - red 
o p t i c a l a p p l i c a t i o n s . Transmission i s shown i n f i g u r e 2.3.6. I n 
t a b l e 2.3.2 t h e major o p t i c a l p r o p e r t i e s of s i l i c o n are o u t l i n e d , 
a l o n g w i t h t h e mid i n f r a - r e d m a t e r i a l s discussed above. O p t i c a l 
homogeneity i s l i k e l y t o be good because h i g h q u a l i t y 
raonocrystalline m a t e r i a l f o r s u b s t r a t e manufacture i s r o u t i n e l y 
grown. Equipment has been developed t o p u l l monocrystals up t o 
150mm d i a m e t e r , a s i z e most s u i t a b l e f o r i n f r a - red o p t i c a l 
a p p l i c a t i o n s . 
2.3.4 Far I n f r a - Red 
2.3.4. a Germanium 
Germanium i s t h e most u s e f u l semiconductor f o r use as a 
f a r i n f r a - r e d window or l e n s m a t e r i a l . A major asset of 
germanium i s i t s low d i s p e r s i o n i n t h e f a r i n f r a - red range, 
s i n c e t h i s means t h a t f o r a l l but v e r y s t r i n g e n t a p p l i c a t i o n s , 
t h e s m a l l amount o f c h r o m a t i c a b e r r a t i o n i n germanium lens 
systems need not be c o r r e c t e d . Hence e x t r a c o s t and c o m p l e x i t y 
are avoided as ' a second o p t i c a l element m a t e r i a l i s not 
necessary. I n a d d i t i o n , t h e h i g h r e f r a c t i v e index of germanium 
a l l o w s h i g h o p t i c a l power t o be generated i n t h i n o p t i c a l 
components, and t h e degree o f hardness and mechanical s t r e n g t h of 
t h e m a t e r i a l make i t an i d e a l c a n d i d a t e f o r a p p l i c a t i o n s where 
ruggedness i s a prime f a c t o r . U n t i l s i l i c o n s o l i d s t a t e devices 
became e s t a b l i s h e d , germanium was used e x t e n s i v e l y as a 
FIGURE 2.3.6 
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semiconductor. I t was t h e r e f o r e a l r e a d y w e l l c h a r a c t e r i s e d i n 
terms o f i t s e l e c t r i c a l p r o p e r t i e s , w h i l s t i t s b a s i c o p t i c a l and 
mechanical p r o p e r t i e s were moderately w e l l known by t h e time 
i n t e r e s t developed i n i t as a major o p t i c a l component m a t e r i a l . 
The t r a n s m i t t a n c e o f germanium i s shown i n f i g u r e 2.3.7. 
There are two methods of p r o d u c i n g germanium. The 
Stock b a r g e r process r e s u l t s i n a p o l y c r y s t a l l i n e m a t e r i a l ; t h e 
C z o c h r a l s k i method produces a mo n o c r y s t a l . Considerable 
development on bo t h o f these processes has r e s u l t e d i n t h e i r 
homogeneity i m m e d i a t e l y a f t e r p r o d u c t i o n being an ac c e p t a b l e 2 x 
10"*, a v o i d i n g t h e need f o r a n n e a l i n g . However t h e g r a i n 
b oundaries i n p o l y c r y s t a l l i n e germanium are l o s s y , l e a d i n g t o 
t r a n s m i t t a n c e non - u n i f o r m i t y , and a t y p i c a l l o s s o f 1% i n a 
10mm b l a n k . More s i g n i f i c a n t l y these boundaries produce l o c a l i s e d 
r e f r a c t i v e index v a r i a t i o n s , a f f e c t i n g t h e imaging performance o f 
l e n s systems. G e n e r a l l y m o n o c r y s t a l l i n e germanium i s found t o 
o f f e r s u p e r i o r performance over t h a t o f p o l y c r y s t a l l i n e m a t e r i a l 
f o r r e q u i r e m e n t s where d i f f r a c t i o n l i m i t e d performance needs t o 
be achieved. 
2.3.4.b I I - V I Compounds 
The work c a r r i e d o u t i n t h e 1960's (mentioned above) i n 
t h e development o f a range o f hot pressed p o l y c r y s t a l l i n e s o l i d s , 
by Eastman Kodak, i n c l u d e d t h r e e I I - V I compounds: 
ZnS ( I r t r a n 2) ZnSe ( I r t r a n 4) and CdTe ( I r t r a n 6) 
These were i n t e n d e d t o be used i n t h e f a r i n f r a - red 
window. I n f a c t t h e y t u r n e d o u t t o be m u l t i s p e c t r a l , t r a n s m i t t i n g 
FIGURE 2.3.7 























i n a l l t h r e e o f t h e windows i n t h i s d i s c u s s i o n . However the 
t r a n s m i t t a n c e was r e l a t i v e l y low (see f i g u r e 2.3.8) and they 
s u f f e r e d from problems o f c o n t a m i n a t i o n , non - u n i f o r m i t y and 
s c a t t e r . 
Two o f these compounds, ZnS and ZnSe are used i n i n f r a 
r e d o p t i c s today, but th e y are produced by vapour d e p o s i t i o n . 
T h i s produces an improved t r a n s m i s s i o n ( f i g u r e 2.3.9) and reduces 
non - u n i f o r m i t y and s c a t t e r . ZnS i t s e l f o f f e r s good f a r i n f r a 
r e d t r a n s m i t t a n c e , b u t poor v i s i b l e and near i n f r a - red 
t r a n s p a r e n c y , because of s c a t t e r and a y e l l o w orange c o l o u r a t i o n 
a t t r i b u t e d t o h y d r i d e i m p u r i t y . However, by s u b j e c t i n g a piece o f 
normal grade CVD ZnS t o a post d e p o s i t i o n t r e a t m e n t a t h i g h 
t e m p e r a t u r e and p r e s s u r e t h e o v e r a l l o p t i c a l t r a n s m i t t a n c e o f the 
m a t e r i a l can be s i g n i f i c a n t l y enhanced, i n p a r t i c u l a r a t s h o r t 
wavelengths as shown i n f i g u r e 2.3.9. This product i s s o l d under 
t h e name o f C l e a r t r a n . 
F i n a l l y a summary o f some o f t h e p r o p e r t i e s o f these f a r 
i n f r a - r e d t r a n s m i t t i n g m a t e r i a l s i s g i v e n i n t a b l e 2.3.3. 
FIGURE 2.3.8 
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TRANSMITTANCE OF MULTI - SPECTRAL MATERIALS 
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2•4 Detectors 
2.4.1. I n t r o d u c t i o n 
O p t i c a l and i n f r a - r e d d e t e c t o r s have developed i n two 
ways; t h e d i s c o v e r y o f new phenomena, and t h e p r e p a r a t i o n of new 
m a t e r i a l s . Most o f t h e i m p o r t a n t p h o t o d e t e c t i o n phenomena have 
been e s t a b l i s h e d f o r decades ( a l t h o u g h photon drag, Josephson 
j u n c t i o n s and n e g a t i v e e l e c t r o n a f f i n i t y photocathodes are more 
r e c e n t d i s c o v e r i e s ) . I n t h e past two decades t h e emphasis has 
been on e x p l o i t i n g t h e e s t a b l i s h e d phenomena i n new m a t e r i a l s . 
2.4.2. D e t e c t o r s f o r V i s i b l e Wavelengths 
2.4.2.a Photon E f f e c t s 
Photon e f f e c t s have r e c e i v e d t h e g r e a t e s t emphasis i n the 
development o f o p t i c a l and i n f r a - red d e t e c t o r s . N e a r l y a l l such 
d e t e c t o r s employ a s e m i c o n d u c t i n g m a t e r i a l of one form or 
a n o t h e r . F i g u r e 2.4.1 summarises t h e known types of photon 
e f f e c t . I t can be seen t h a t t h e r e are two types of 
c l a s s i f i c a t i o n ; i n t e r n a l and e x t e r n a l e f f e c t s . The i n t e r n a l ones 
are t h o s e i n which t h e p h o t o e x c i t e d e l e c t r o n or h o l e remains 
w i t h i n t h e sample. I n t h e e x t e r n a l p h o t o e f f e c t t h e i n c i d e n t 
photon causes t h e e m i s s i o n o f an e l e c t r o n from t h e s u r f a c e o f t h e 
a b s o r b i n g m a t e r i a l . The i n t e r n a l p h o t o e f f e c t i s s u b d i v i d e d 
f u r t h e r . F i r s t l y an i n c i d e n t photon can i n t e r a c t w i t h a bound 
e l e c t r o n t o produce e i t h e r a f r e e e l e c t r o n - h o l e p a i r ( i n t r i n s i c 
p h o t o e f f e c t ) , or a f r e e e l e c t r o n and bound h o l e (or f r e e h o le and 
bound e l e c t r o n ) - t h e e x t r i n s i c e f f e c t . Secondly an i n c i d e n t 
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f r e e . T h i r d l y , t h e photon can e x c i t e t h e e l e c t r o n i n t o a h i g h e r 
energy s t a t e o f t h e atom, w i t h o u t t h e e l e c t r o n ever l e a v i n g t h e 
atom. 
A l t h o u g h f i g u r e 2.4.1 shows a l a r g e number of photon 
e f f e c t s . Only t h e p h o t o c o n d u c t i v e , p h o t o v o l t a i c and photoemissive 
ones have been w i d e l y e x p l o i t e d . 
2.4.2.b P h o t o c o n d u c t i v i t y 
T his i s t h e most w i d e l y employed e f f e c t . Here t h e 
e l e c t r i c a l c o n d u c t i v i t y o f a m a t e r i a l i s changed by i n c i d e n t 
r a d i a t i o n . Table 2.4.1 l i s t s t h e energy gaps o f some 
semiconductors which have been employed as i n t r i n s i c 
p h o t o d e t e c t o r s . Also l i s t e d a re t h e i r o p e r a t i n g temperatures and 
l o n g wavelength l i m i t s . Table 2.4.2 l i s t s t h e i o n i s a t i o n e n ergies 
and l o n g wavelength l i m i t s f o r some c o n t r o l l e d i m p u r i t i e s i n 
e x t r i n s i c Ge and S i photocon d u c t o r s . 
2.4.2.C P h o t o v o l t a i c E f f e c t 
The p h o t o v o l t a i c e f f e c t r e q u i r e s an i n t e r n a l p o t e n t i a l 
b a r r i e r w i t h a b u i l t i n e l e c t r i c f i e l d t o sep a r a t e a p h o t o e x c i t e d 
e l e c t r o n p a i r . This c o n d i t i o n e x i s t s w i t h i n a p - n j u n c t i o n . 
F i g u r e 2.4.2 i l l u s t r a t e s t h e two ways i n which t he 
p h o t o v o l t a i c d e t e c t o r i s used. I n , t h e f i r s t case a d i r e c t 
measurement i s made o f t h e v o l t a g e across t h e photodiode, s i n c e 
t h e open c i r c u i t v o l t a g e i s p r o p o r t i o n a l t o t h e i n c i d e n t 
r a d i a t i o n . I n t h e second case, a r e v e r s e b i a s i s a p p l i e d t o t h e 
d e t e c t o r . The p h o t o c u r r e n t produced by r a d i a t i o n i s now measured 
across a l o a d r e s i s t o r . This l a t t e r case i s d e s c r i b e d as 
p h o t o c o n d u c t i v e o p e r a t i o n , even though t h e c o n f i g u r a t i o n i s not 
TABLE 2.4.1 
CHARACTERISTICS OF VARIOUS INTRINSIC PHOTODETECTORS 
SEMICONDUCTOR T(K) Eg(eV) ^0 (pm) 
CdS 295 2.4 0.52 
CdSe 295 1.8 0.69 
CdTe 295 1.5 0.83 
GaP 295 2.24 0.56 
GaAs 295 1.35 0.92 
S i 295 1.12 1.1 
Ge 295 0.67 1.8 
PbS 295 0.42 2.9 
PbSe 195 0.23 5.4 
InAs 195 0.39 3.2 
InSb 77 0.23 5.4 
Pb^^jSno.gTe 77 0.1 12 
77 0.1 12 
TABLE 2.4.2 
CHARACTERISTICS OF VARIOUS EXTRINSIC PHOTODETECTORS 
SEMICONDUCTOR: IMPURITY Et(eV) X o(>jm) 
Ge : Au 0.15 8 
Ge : Hg 0.09 14 
Ge : Cd 0.06 21 
Ge : Cu 0.041 30 
Ge : Zn 0.033 38 
Ge : B 0.0104 120 
S i : I n 0.155 8 
S i : Ga 0.0723 17 
S i : B i 0.0706 18 
S i : Al 0.0685 18 
S i : As 0.0537 23 
S i : P 0.045 28 
S i : B 0.0439 28 
S i : Sb 0.043 29 
FIGURE 2.4.2 
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t h a t o f t h e photoconductor a l r e a d y d i s c u s s e d . 
The t y p i c a l geometry employed i n a p - n photodiode i s 
shown i n f i g u r e 2.4.3. 
2.4.2.d Avalanche Photodiode 
This i s a b a s i c p - n j u n c t i o n photodiode which 
i n c o r p o r a t e s i t s own i n t e r n a l g a i n mechanism. Thus the 
p h o t o s i g n a l o f an avalanche photodiode i s l a r g e r than t h a t o f a 
normal p - n j u n c t i o n photodiode made from t h e same m a t e r i a l 
and o f t h e same area i n response t o t h e same i n c i d e n t r a d i a t i o n 
power. A l t h o u g h t h e i n t e r n a l g a i n cannot i n c r e a s e t h e s i g n a l t o 
n o i s e r a t i o , and may even reduce i t , i n t e r n a l g a i n i s u s e f u l i n 
t h a t i t reduces t h e r e q u i r e m e n t s f o r a h i g h g a i n low noise 
a m p l i f i e r . The g a i n can a l s o be achieved w i t h o u t much e f f e c t on 
t h e response t i m e o f t h e photodiode. 
I n an avalanche photodiode, t h e b i a s a p p l i e d t o the 
s t r u c t u r e , and t h e arrangement of t h e j u n c t i o n i s such t h a t t h e 
e l e c t r i c f i e l d l e v e l s i n t h e d e p l e t i o n r e g i o n are l a r g e . Any 
e l e c t r o n - h o l e p a i r s c r e a t e d by i n c i d e n t photons are a c c e l e r a t e d 
w i t h i n t h e h i g h f i e l d r e g i o n o f t h e j u n c t i o n t o v e l o c i t i e s so 
h i g h t h a t t h e i r c o l l i s i o n w i t h l a t t i c e atoms t r a n s f e r energy 
s u f f i c i e n t t o f r e e a d d i t i o n a l e l e c t r o n s . These are then 
a c c e l e r a t e d , undergo a d d i t i o n a l c o l l i s i o n s , and f r e e more 
e l e c t r o n s . Thus an avalanche o f e l e c t r o n s occurs w i t h i n t h e h i g h 
f i e l d r e g i o n o f t h e j u n c t i o n . I n a l i m i t e d sense, an avalanche 
p h o t o d i o d e can be c o n s i d e r e d t o be t h e s o l i d s t a t e analogue o f a 
p h o t o m u l t i p l i e r . 
The b i a s l e v e l s across t h e s t r u c t u r e are chosen such t h a t 
t h e g a i n i s t y p i c a l l y between 10 and 100. There are problems 
FIGURE 2.4.3 
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i n v o l v e d i n e x p l o i t i n g t h i s g a i n . The i o n i s a t i o n c o e f f i c i e n t s , 
which d e t e r m i n e t h e g a i n c h a r a c t e r i s t i c s , are a s t r o n g f u n c t i o n 
o f t e m p e r a t u r e . Thus t h e b i a s c i r c u i t r e q u i r e s compensation f o r 
t h e r m a l d r i f t s . The i o n i s a t i o n c o e f f i c i e n t s are a l s o 
e x p o n e n t i a l l y dependent on t h e e l e c t r i c f i e l d , so t h a t even a t 
c o n s t a n t t e m p e r a t u r e t h e b i a s a p p l i e d t o t h e d e v i c e needs t o be 
k e p t c o n s t a n t t o w i t h i n c l o s e l i m i t s . The g a i n process i s a l s o 
s t a t i s t i c a l i n n a t u r e . One e l e c t r o n h o l e p a i r w i l l c r e a t e perhaps 
f i f t y e l e c t r o n s , a l l w i t h t h e i r own c o l l i s i o n h i s t o r i e s . This 
r e s u l t s i n an a s s o c i a t e d n o i s e f a c t o r . 
Since i t i s d i f f i c u l t t o cause u n i f o r m a v a l a n c h i n g over a 
broad area, avalanche photodiodes u s u a l l y have s m a l l s e n s i t i v e 
areas. F i n a l l y , t h e b i a s n o r m a l l y r e q u i r e d f o r these u n i t s i s 
around 200V. 
2.4.2.e PIN Photodiode 
I n t h i s d e t e c t o r , a l a y e r o f i n t r i n s i c semiconductor 
m a t e r i a l i s p l a c e d between t h e p o s i t i v e l y doped and n e g a t i v e l y 
doped r e g i o n s . The arrangement o f a t y p i c a l d e v i c e i s shown i n 
f i g u r e 2.4.4. The s u r f a c e r e g i o n (p t y p e i n t h i s case) i s t h i n 
compared t o t h e o p t i c a l a b s o r p t i o n depth. The i n t r i n s i c r e g i o n i s 
t h i c k enough t o absorb most of t h e i n c i d e n t l i g h t a t the 
wavelength o f i n t e r e s t . E l e c t r o n - h o l e p a i r s are c r e a t e d w i t h i n 
t h e i n t r i n s i c r e g i o n by t h e i n c i d e n t l i g h t , which has passed 
t h r o u g h t h e p t y p e r e g i o n . With t h e n a t u r a l p o t e n t i a l b a r r i e r 
across t h e i n t r i n s i c m a t e r i a l from t h e p t y p e and n type r e g i o n s , 
and an a d d i t i o n a l r e v e r s e b i a s , t h e e l e c t r o n - h o l e p a i r s are 
swept r a p i d l y t o t h e e l e c t r i c a l c o n t a c t s by t h e e l e c t r i c f i e l d i n 
t h e m a t e r i a l . Whereas t h e two r e g i o n s o f charge d i s t r i b u t i o n i n a 
FIGURE 2.4.4 
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normal p - n j u n c t i o n c r e a t e a c a p a c i t i v e e f f e c t t h a t l i m i t s t he 
f r e q u e n c y o f l i g h t m o d u l a t i o n t h a t can be d e t e c t e d t o about 
100 kHz, p - i - n j u n c t i o n diodes have c u t o f f f r e q u e n c i e s as h i g h 
as GHz. 
2.4.2.f S c h o t t k v B a r r i e r Photodiode 
Not a l l semiconductors can be prepared i n both p and n 
t y p e s . With these m a t e r i a l s , a S c h o t t k y b a r r i e r , one formed a t a 
m e t a l - semiconductor i n t e r f a c e , can be produced. As w i t h a p - n 
j u n c t i o n , a m e t a l - semiconductor i n t e r f a c e , when p r o p e r l y made 
p r o v i d e s a p o t e n t i a l b a r r i e r which causes s e p a r a t i o n of 
p h o t o e x c i t e d h o l e s and e l e c t r o n s , t h e r e b y g i v i n g r i s e t o a s h o r t 
c i r c u i t p h o t o c u r r e n t , and an open c i r c u i t p h o t o v o l t a g e . I n most 
cases t h e metal i s i n t h e form o f a v e r y t h i n f i l m which i s semi 
t r a n s p a r e n t t o t h e i n c i d e n t r a d i a t i o n . P h o t o e x c i t a t i o n can 
occur w i t h i n t h e semiconductor or over t h e p o t e n t i a l b a r r i e r a t 
t h e m e t a l - semiconductor i n t e r f a c e . 
S c h o t t k y b a r r i e r photodiodes have much f a s t e r response 
t i m e s t h a n normal p - n j u n c t i o n photodiodes (GHz). This makes 
them u s e f u l as l a s e r r e c e i v e r s , as does t h e i r o p e r a t i o n a t 
v i s i b l e and uv wavelengths. 
2.4.2.6 PIN - FET Modules 
The PIN - FET Module i s a c o m b i n a t i o n o f s m a l l area, low 
c a p a c i t a n c e photodiode and a h i g h o u t p u t impedance FET 
p r e a m p l i f i e r . The d e v i c e i s used as a h y b r i d assembly i n which 
a l l l e a d l e n g t h s and s t r a y c a p a c i t a n c e s are kept t o t h e minimum. 
Since t h e c a p a c i t a n c e i s low and t h e o u t p u t impedance i s h i g h t h e 
e f f e c t s o f t h e r m a l n o i s e can be kept t o a minimum. The system 
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compares f a v o u r a b l y w i t h an avalanche photodiode i n t h a t a low 
power s u p p l y v o l t a g e can be used and i t i s s t a b l e over a range o f 
te m p e r a t u r e and e l e c t r i c a l b i a s c o n d i t i o n s . S i g n a l t o n o i s e 
r a t i o s o f b o t h d e v i c e s a r e s i m i l a r . The PIN - FET advantages are 
v e r y r e l e v a n t t o i n s t r u m e n t a t i o n , where u n i t s may be r e q u i r e d t o 
o p e r a t e i n environments which are h o s t i l e i n many r e s p e c t s , 
i n c l u d i n g t e m p e r a t u r e and e l e c t r i c a l i n t e r f e r e n c e . 
2.4.2.h Photoemissive E f f e c t ' 
The t h i r d w i d e l y used photon d e t e c t i o n e f f e c t ( a l o n g w i t h 
t h e p h o t o c o n d u c t i v e and p h o t o v o l t a i c e f f e c t s ) i s the 
ph o t o e m i s s i v e e f f e c t . As t h e name i m p l i e s , t h e a c t i o n o f i n c i d e n t 
r a d i a t i o n i s t o cause t h e emiss i o n o f an e l e c t r o n from t he 
s u r f a c e o f t h e photocathode i n t o t h e s u r r o u n d i n g space, t h e r e t o 
be c o l l e c t e d by an anode. 
There a r e many a p p l i c a t i o n s o f t h e photoemissive e f f e c t . 
Vacuum pho t o t u b e s , c o n s i s t i n g o n l y o f a photocathode and an 
anode, a r e used f o r v e r y f a s t response. Gas f i l l e d phototubes, 
which r e l y on an avalanche e f f e c t a r i s i n g from impact i o n i s a t i o n 
o f t h e gas a r e used f o r h i g h g a i n w i t h o u t e x t e r n a l a m p l i f i c a t i o n . 
Two o f t h e most w e l l known uses f o r photocathodes are i n image 
i n t e n s i f i e r s , and p h o t o m u l t i p l i e r s . 
2 . 4.2.i Image I n t e n s i f i e r s 
A b a s i c diagram o f an image i n t e n s i f i e r i s g i v e n i n 
f i g u r e 2.4.5. R a d i a t i o n from t h e o b j e c t i s c o l l e c t e d and imaged 
onto t h e photocathode by t h e o b j e c t i v e l e n s . Provided t h e 
r a d i a t i o n i s of an a p p r o p r i a t e wavelength, t h e emission of 
e l e c t r o n s w i l l r e s u l t . These e l e c t r o n s are a t t r a c t e d by an 
FIGURE 2.4.5 
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a p p l i e d f i e l d onto a microchannel p l a t e , which i s placed as c l o s e 
t o t h e photocathode as p o s s i b l e , t o p r e v e n t l a t e r a l wander of t h e 
e l e c t r o n s . At t h e o u t p u t end of t h e microchannel p l a t e i s a 
phosphor screen. F i g u r e 2.4.6 i l l u s t r a t e s t h e c o n v e n t i o n a l image 
i n t e n s i f i e r phosphor screen; and t h e r e c e n t l y developed 
i n t a g l i a t e d screen. 
Today, image i n t e n s i f i e r s are being used from t h e X - Ray 
t h r o u g h t h e v i s i b l e t o t h e near i n f r a - red r e g i o n s . Although 
most o f t h e development has been p r o v i d e d by t h e m i l i t a r y , which 
i s s t i l l t h e l a r g e s t user, image i n t e n s i f i e r s have found 
a p p l i c a t i o n s i n many o t h e r areas. I n astronomy they extend t h e 
c a p a b i l i t y o f t e l e s c o p e s when images o f weak r a d i a t i o n or s h o r t 
d u r a t i o n are t o be observed. Law enforcement and t h e study of 
n o c t u r n a l animals a r e aided by image i n t e n s i f i e r s . They a l l o w 
f a s t e r r e c o r d i n g i n s p e c t r o m e t e r s . I n medicine, X-ray 
i n t e n s i f i e r s are w i d e l y used t o reduce dosage r a t e and t o observe 
dynamic processes. 
2.4.2.j P h o t o m u l t i p l i e r s 
P h o t o m u l t i p l i e r s produce a c u r r e n t o u t p u t which i s 
p r o p o r t i o n a l t o t h e l i g h t i n t e n s i t y i n c i d e n t upon them. The 
c h a r a c t e r i s t i c s o f p h o t o m u l t i p l i e r s are c o n s i d e r a b l y a f f e c t e d by 
d i f f e r e n t methods o f c o n s t r u c t i o n , and s p e c i f i c a t i o n s must be 
s t u d i e d c a r e f u l l y t o match any u n i t w i t h t h e requirements of an 
i n s t r u m e n t . 
Standard windows i n p h o t o m u l t i p l i e r s are made from 
b o r o s i l i c a t e g l a s s . This m a t e r i a l works w e l l f o r d e t e c t i o n of 
wavelengths o f l i g h t l o n g e r than 350nm. However, below t h i s 
wavelength, t h e t r a n s m i s s i o n o f these windows drops 
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d r a m a t i c a l l y . For a u n i t which i s s e n s i t i v e down t o 175nm, a 
q u a r t z window i s r e q u i r e d ; and a MgFz window w i l l a l l o w u l t r a -
v i o l e t l i g h t e x t e n d i n g t o around llOnm t o be d e t e c t e d . See f i g u r e 
2.4.7. 
The p h o t o s e n s i t i v e m a t e r i a l which forms t h e semi 
t r a n s p a r e n t c o a t i n g on t h e p h o t o m u l t i p l i e r window can be 
manufactured from a v a r i e t y o f compounds. Th i s has a c o n s i d e r a b l e 
e f f e c t on t h e s e n s i t i v i t y o f t h e i n s t r u m e n t as a f u n c t i o n of 
wavelength, and c a r e must be t a k e n t o match t h i s t o t h e r e q u i r e d 
performance. I n g e n e r a l i t i s e a s i e r t o produce s e n s i t i v i t y a t 
s h o r t e r v i s i b l e wavelengths t h a n l o n g e r wavelengths. 
The d e s i g n o f t h e e l e c t r o n m u l t i p l i e r a l s o a f f e c t s 
t h e perfomance o f t h e u n i t . I t i s i m p o r t a n t t o match t h e number 
of dynodes t o t h e g a i n r e q u i r e d . I f t o o many stages are used, 
t h e i n t e r e l e c t r o d e v o l t a g e s w i l l be t o o low, r e s u l t i n g i n poor 
l i n e a r i t y . With an i n s u f f i c i e n t number o f stages, i t w i l l not be 
p o s s i b l e t o l i f t t h e g a i n t o t h e r e q u i r e d l e v e l . At t h e extremes 
o f perfomance, t h e m a t e r i a l s used on t h e s u r f a c e s of t h e dynodes 
become i m p o r t a n t . B e r y l l i u m copper dynodes e x h i b i t good l o n g term 
s t a b i l i t y and pulsed c u r r e n t l i n e a r i t y , w h i l e c a e s i a t e d antimony 
dynodes a c h i e v e r a p i d s e t t l i n g times between d i f f e r e n t l i g h t 
l e v e l s . F i n a l l y , e l e c t r o n m u l t i p l i e r s can be made i n a number of 
d i f f e r e n t g e o m e t r i c s t r u c t u r e s . Table 2.4.3 g i v e s a comparison o f 
t h e r e l a t i v e c h a r a c t e r i s t i c s o f each t y p e . 
Recent r e s e a r c h i n t o i m p r o v i n g t h e c h a r a c t e r i s t i c s of 
' p h o t o m u l i p l i e r s has c o n c e n t r a t e d on e x t e n d i n g t h e wavelength 
s e n s i t i v i t y o f t h e photocathode m a t e r i a l . The r e s p o n s i v i t y i n t h e 
red and i n f r a - r ed p a r t s o f t h e spectrum has been s t e a d i l y 
improved over t h e l a s t few y e a r s . 
FIGURE 2.4.7 
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P h o t o m u l t i p l i e r s have a wide dynamic range, and g a i n 
f a c t o r s as h i g h as 10°. However, t h e r e s p o n s i v i t y i s g r e a t l y 
a f f e c t e d by i n c i d e n t wavelength; they c o n s i s t o f an evacuated 
g l a s s t u b e , and as such are d e l i c a t e i n s t r u m e n t s , and they 
r e q u i r e a h i g h a p p l i e d v o l t a g e , which i n c e r t a i n circumstances 
can be c o n s i d e r e d u n d e s i r a b l e . 
I n comparison w i t h o t h e r v i s i b l e l i g h t d e t e c t o r s 
t h e y are expensive, w i t h t h e b a s i c complete u n i t s t a r t i n g a t 
around £300, and an average p r i c e being around £600. 
2.4.3 I n f r a - Red R a d i a t i o n D e t e c t o r s 
Most i n f r a - r e d d e t e c t o r s f a l l i n t o one o f two general 
c l a s s e s : t h e r m a l d e t e c t o r s , and photon d e t e c t o r s . I n photon 
d e t e c t o r s , as a l r e a d y d i s c u s s e d , t h e i n c i d e n t r a d i a t i o n e x c i t e s 
e l e c t r o n i c t r a n s i t i o n s which change t h e e l e c t r o n i c s t a t e o f the 
d e t e c t o r . I n t h e r m a l d e t e c t o r s , t h e energy o f t h e absorbed 
r a d i a t i o n r a i s e s t h e te m p e r a t u r e o f t h e d e t e c t i n g element. This 
i n c r e a s e i n t e m p e r a t u r e w i l l cause changes i n temperature 
dependent p r o p e r t i e s o f t h e d e t e c t o r . M o n i t o r i n g one of these 
changes enables t h e r a d i a t i o n t o d e t e c t e d . 
2.4.3.a Thermal I n f r a - Red D e t e c t o r s 
Alhough most types o f t h e r m a l d e t e c t o r have been 
i n use f o r many y e a r s , t h e y are a l l s t i l l employed i n modern 
i n s t r u m e n t a t i o n . They have not been rendered o b s o l e t e by t h e more 
r e c e n t development o f photon d e t e c t o r s because f o r many types of 
a p p l i c a t i o n , use o f t h e a p p r o p r i a t e t h e r m a l d e t e c t o r i s more 
s u i t a b l e t h a n a photon d e t e c t o r . 
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2.4.3.b Thermopile 
Thermopiles have been used f o r over 150 years, 
and modern t h i n f i l m v e r s i o n s are s t i l l o f importance i n space 
i n s t r u m e n t a t i o n . The b a s i c element i n a t h e r m o p i l e i s a j u n c t i o n 
between two d i s s i m i l a r conductors having a l a r g e Seebeck 
c o e f f i c i e n t 9. E f f i c i e n t d e t e c t o r s have a l a r g e e l e c t r i c a l 
c o n d u c t i v i t y , a s m a l l t h e r m a l c o n d u c t i v i t y ( p r e v e n t i n g heat 
l o s s e s ) a h i g h a b s o r p t i o n c o e f f i c i e n t , and a s m a l l t h e r m a l mass 
( f o r f a s t response t i m e ) . 
E a r l y t h e r m o p i l e s were made u s i n g f i n e m e t a l l i c 
w i r e s f o r t h e elements and a t t a c h i n g t h e hot j u n c t i o n t o a 
r e c e i v e r made o f blackened g o l d f o i l . The use o f semiconductor 
elements produces a much improved s e n s i t i v i t y , however, these 
t h e r m o p i l e s a r e d i f f i c u l t t o make and are d e l i c a t e . An improved 
m e t a l v e r s i o n i s used today, where t h e g o l d f o i l r e c e i v e r i s a l s o 
used as a c o n t a c t i n g l i n k between t h e two a c t i v e elements. 
A l t h o u g h m e t a l t h e r m o p i l e s are not ve r y s e n s i t i v e , t h e i r r o b u s t 
n a t u r e and r e l i a b i l i t y make them w i d e l y used. The development o f 
t h i n f i l m t e c h n i q u e s has a l l o w e d t h e r m o p i l e s t o be designed w i t h 
antimony and bismuth elements, which are cheap, r e l i a b l e , and can 
be f a b r i c a t e d as complex a r r a y s . Thermopiles are s t i l l w i d e l y 
used i n i n f r a - r e d s p e c t r o m e t e r s . 
2.4.3.C Bolometers 
A bolometer makes use o f a m a t e r i a l i n which t h e 
r e s i s t i v i t y i s a f u n c t i o n o f temperature. I n a sense i t i s t h e 
t h e r m a l analogue o f a photoconductor, where i n c i d e n t r a d i a t i o n 
causes t h e h e a t i n g e f f e c t . The s i g n a l i s d e t e c t e d i n the same way 
as f o r a phot o c o n d u c t o r . The t h e r m i s t o r , and c r y o g e n i c 
semiconductor bolometers are of most importance; metal bolometers 
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a r e not v e r y s e n s i t i v e , and s u p e r c o n d u c t i n g and s u p e r i n d u c t i n g 
bolometers a r e h i g h l y complex. 
A t h e r m i s t o r bolometer i s a t h e r m a l l y s e n s i t i v e 
r e s i s t o r . I t i s made o f an o x i d e o f manganese, c o b a l t , or n i c k e l . 
An e l e c t r i c a l b i a s i s a p p l i e d across t h e m a t e r i a l . S e l f h e a t i n g 
e f f e c t s due t o i n t e r n a l power d i s s i p a t i o n from t h e bias c u r r e n t 
must be c o n s i d e r e d . With i n c r e a s i n g b i a s t h e temperature r i s e s 
r a p i d l y and t h e s l o p e o f t h e c u r r e n t - v o l t a g e c h a r a c t e r i s t i c 
decreases and e v e n t u a l l y becomes n e g a t i v e . Unless a b a l l a s t 
r e s i s t o r i s employed, t h e r m a l runaway w i l l occur a t t h i s p o i n t , 
and t h e t h e r m i s t o r w i l l burn up. They are u s u a l l y operated below 
t h i s c r i t i c a l b i a s . They ar e a l s o operated uncooled and so are 
r e l a t i v e l y i n e x p e n s i v e . Since ambient temperature a f f e c t s the 
r e s i s t a n c e , a b r i d g e c i r c u i t i s employed i n which one of t h e two 
i d e n t i c a l elements i s s h i e l d e d from t h e i n c i d e n t r a d i a t i o n . Thus 
r a d i a t i o n energy w i l l imbalance t h e b r i d g e but changes i n t h e 
ambient t e m p e r a t u r e w i l l n o t . F i g u r e 2.4.8 shows a t y p i c a l 
t h e r m i s t o r bolometer. 
A c r y o g e n i c bolometer employs Ga doped s i n g l e 
c r y s t a l Ge as t h e s e n s i t i v e element operated a t 4K. These 
semiconductor bolometers e x h i b i t h i g h s e n s i t i v i t y and 
r e p r o d u c i b i l i t y , and low n o i s e . While t h e i r low o p e r a t i n g 
t e m p e r a t u r e i s a d i s a d v a n t a g e f o r i n s t r u m e n t a t i o n as a whole, 
t h e y are e s p e c i a l l y u s e f u l f o r a s t r o n o m i c a l a p p l i c a t i o n s . 
2.4.3.d The Golav C e l l 
I n t h e Golay c e l l , r a d i a t i o n absorbed by a r e c e i v e r 
i n s i d e a c l o s e d c a p s u l e o f gas ( u s u a l l y xenon f o r i t s low thermal 
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d i s t o r t s a f l e x i b l e membrane on which a m i r r o r i s mounted. The 
movement o f t h e m i r r o r i s used t o d e f l e c t a beam o f l i g h t s h i n i n g 
on a p h o t o c e l l and so p r o d u c i n g a change i n t h e p h o t o c e l l c u r r e n t 
as t h e o u t p u t . I n modern Golay c e l l s t h e beam of l i g h t i s 
p r o v i d e d by a l i g h t e m i t t i n g d i o d e and a s o l i d s t a t e photodiode 
i s used t o d e t e c t i t . F i g u r e 2.4.9 shows t h e o u t l i n e o f a Golay 
c e l l . 
Another method o f o b t a i n i n g an e l e c t r i c a l o u t p u t 
from t h e gas c e l l i s t o p l a c e a f i x e d conductor near the 
d i s t o r t i n g membrane f o r m i n g a v a r i a b l e condenser which can be 
measured w i t h a s u i t a b l e c i r c u i t . This arrangement i s used i n the 
ONERA d e t e c t o r , and i t i s a l s o used i n gas a n a l y s e r s ( L u f t c e l l s ) 
i n which t h e gas t o be analysed i s placed i n one c e l l and t h e 
o u t p u t compared w i t h t h a t from another c e l l c o n t a i n i n g a 
r e f e r e n c e sample o f gas. 
A l t h o u g h these v a r i o u s types o f pneumatic d e t e c t o r seem 
awkward compared w i t h modern s o l i d s t a t e d e v i c e s , t h e i r 
i m p o r t a n c e s h o u l d not be u n d e r e s t i m a t e d . A l t h o u g h they are b u l k y , 
c o m p a r a t i v e l y f r a g i l e , s e n s i t i v e t o v i b r a t i o n and have a slow 
response t i m e , t h e i r h i g h room temperature s e n s i t i v i t y means t h a t 
t h e y a r e s t i l l t h e b a s i c d e t e c t o r used i n a l a r g e amount of 
l a b o r a t o r y i n s t r u m e n t a t i o n , and gas a n a l y s i s employing t h e L u f t 
c e l l i s w i d e l y used. 
Performance r e l a t i v e t o o t h e r uncooled d e t e c t o r s 
i s i l l u s t r a t e d i n f i g u r e 2.4.10, which shows t h e d e t e c t i v i t y 
(commonly expressed as D') versus wavelength f o r a number of 
d e t e c t o r s . 
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2.4.3.e P y r o e l e c t r i c D e t e c t o r 
P y r o e l e c t r i c d e t e c t o r s are c a p a c i t o r s , having 
m e t a l l i c e l e c t r o d e s a p p l i e d t o o p p o s i t e s u r f a c e s of a temperature 
s e n s i t i v e f e r r o e l e c t r i c c r y s t a l . A f e r r o e l e c t r i c c r y s t a l i s one 
which possesses an i n t e r n a l e l e c t r i c d i p o l e moment; t h a t i s i t 
e x h i b i t s spontaneous e l e c t r i c p o l a r i z a t i o n . At a c o n s t a n t 
t e m p e r a t u r e t h e i n t e r n a l charge d i s t r i b u t i o n w i l l be n e u t r a l i s e d 
by f r e e e l e c t r o n s and s u r f a c e charges, so t h e r e w i l l be no 
v o l t a g e across t h e e l e c t r o d e s . However, i f t h e temperature i s 
r a p i d l y changed, t h e i n t e r n a l d i p o l e moment w i l l change, 
p r o d u c i n g a t r a n s i e n t v o l t a g e u n t i l t h e i n t e r n a l charge 
d i s t r i b u t i o n i s n e u t r a l i s e d once again. This p y r o e l e c t r i c e f f e c t 
can be e x p l o i t e d as a s e n s i t i v e d e t e c t o r o f modulated r a d i a t i o n , 
o p e r a t i n g a t ambient t e m p e r a t u r e . Large s i g n a l s are o b t a i n e d from 
p y r o e l e c t r i c m a t e r i a l s which have a l a r g e r a t i o of p y r o e l e c t r i c 
c o e f f i c i e n t t o d i e l e c t r i c c o n s t a n t . 
The p r i n c i p a l m a t e r i a l s used f o r p y r o e l e c t r i c 
d e t e c t o r s a r e members o f t h e t r i g l y c i n e s u l p h a t e (TGS) group, 
l i t h i u m t a n t a l a t e , s t r o n t i u m barium n i o b a t e , ceramics, members of 
t h e l e a d z i r c o n a t e t i t a n a t e (PZT) group, and more r e c e n t l y , f i l m s 
o f t h e polymers p o l y v i n y l f l u o r i d e (PVF) and p o l y v i n y l i d e n e 
f l u o r i d e (PVF2) . The TGS m a t e r i a l s are used f o r t h e most s e n s i t i v e 
d e t e c t o r s and a l s o i n t h e p y r o e l e c t r i c v i d i c o n . 
A g r o w i n g a p p l i c a t i o n f o r t h e s i m p l e ceramic 
d e t e c t o r s i s i n b u r g l a r alarms and o t h e r s e c u r i t y d e v i c e s . The 
h i g h e r performance d e v i c e s are becoming more w i d e l y used i n i n f r a 
r e d i n s t r u m e n t a t i o n , i n c l u d i n g s a t e l l i t e r a d i o m e t e r s and 
h o r i z o n sensors. 
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2.4.3.5 I n f r a - Red Photon D e t e c t o r s 
I n f r a - r e d photon d e t e c t o r s , i n g e n e r a l , work i n t h e 
same way as t h e v i s i b l e l i g h t photon d e t e c t o r s j u s t d e s c r i b e d . 
The p r i n c i p l e s o f i n t r i n s i c and e x t r i n s i c p h o t o c o n d u c t i o n , and 
th e p h o t o v o l t a i c e f f e c t , a r e a l l t h e same. Although t h e same 
m a t e r i a l s , such as s i l i c o n and germanium are s t i l l used, a range 
o f d i f f e r e n t m a t e r i a l s appear, t o cope w i t h t h e l o n g wavelengths. 
Table 2.4.-4 shows t h e v a r i o u s c h a r a c t e r i s t i c s o f t h e most w e l l 
known s o l i d s t a t e i n f r a - r e d photon d e t e c t o r s . 
The most n o t i c e a b l e d i f f e r e n c e between v i s i b l e and 
i n f r a - r e d photon d e t e c t o r s i s t h e o p e r a t i n g temperature. While 
some o p e r a t e a t room t e m p e r a t u r e , most have t o be cooled: 
some t o 195K, o t h e r s t o 77K, o t h e r s t o even lower temperatures. 
Room t e m p e r a t u r e d e t e c t o r s can s i m p l y be housed i n 
a m o d i f i e d t r a n s i s t o r package f i t t e d w i t h an i n f r a - red 
t r a n s m i t t i n g window. 
For d e t e c t o r s t h a t must be operated a t low temperatures, 
a s i m p l e packaging t e c h n i q u e i s t o use a l i q u i d cryogen such 
as l i q u i d n i t r o g e n i n a s i m p l e g l a s s Dewar, once again w i t h an 
i n f r a - r e d window. More r o b u s t metal Dewars have been developed 
w i t h i n which d e t e c t o r elements, f i l t e r s and windows can be 
changed i f necessary. However, these packages are u s u a l l y l a r g e r , 
and must be p e r i o d i c a l l y evacuated. 
An a l t e r n a t i v e method i s t h e t h e r m o e l e c t r i c c o o l e r 
( u s i n g t h e P e l t i e r e f f e c t ) . Present t h e r m o e l e c t r i c c o o l e r s can be 
made t o o p e r a t e a t around 195K i n room temperature ambient 
c o n d i t i o n s , u s i n g about 5W o f e l e c t r i c a l power. 
F i n a l l y , two o t h e r i n f r a - r e d photon d e t e c t o r s are 
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2.4.3.g R o l l i n D e t e c t o r 
I n t h i s d e v i c e , a l o n g wavelength photon i s 
absorbed by an e l e c t r o n near t h e bottom o f t h e c o n d u c t i o n band, 
so p r o m o t i n g i t t o a h i g h e r energy s t a t e w i t h i n t h e c o n d u c t i o n 
band. This i n c r e a s e s t h e m o b i l i t y o f t h e e l e c t r o n ; when t h i s 
happens f o r many e l e c t r o n s an i n c r e a s e i n e l e c t r i c a l c o n d u c t i v i t y 
r e s u l t s . T h i s d e v i c e i s d i f f e r e n t from a l l t h e o t h e r photon 
d e v i c e s d e s c r i b e d above, because i n those cases t h e c a r r i e r 
c o n c e n t r a t i o n i s changed. The p r o b a b i l i t y o f a b s o r p t i o n o f a 
photon by a f r e e c a r r i e r e l e c t r o n i s p r o p o r t i o n a l t o t h e square 
of t h e wavelength: t h e d e v i c e i s t h e r e f o r e most e f f e c t i v e a t long 
wavelengths (above 50um). 
2.4.3.h P u t l e v D e t e c t o r 
T h i s i s an improved R o l l i n d e t e c t o r . A magnetic f i e l d i s 
a p p l i e d t o t h e semiconductor. This moves t h e energy l e v e l s o f t h e 
i m p u r i t i e s away from t h e c o n d u c t i o n band, t h e r e b y i n c r e a s i n g t h e 
r e s p o n s i v i t y over t h a t o f t h e R o l l i n d e t e c t o r . The magnetic f i e l d 
a l s o produces a Landau sub band from t h e c o n d u c t i o n band. 
E l e c t r o n s from t h e i m p u r i t i e s can be e x c i t e d i n t o t h i s sub band 
w i t h v e r y s m a l l photon e n e r g i e s - l e s s t h a n 1 meV - so t h a t 
response beyond lOOOjjm i s p o s s i b l e . 
However t h e P u t l e y d e t e c t o r has l i m i t e d 
a p p l i c a b i l i t y s i n c e i t must be cooled w i t h h e l i u m , and r e q u i r e s a 
s u p e r c o n d u c t i n g e l e c t r o m a g n e t t o produce t h e magnetic f i e l d . 
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CHAPTER 3 DETECTING UNWANTED MATERIALS AMONGST GULLET 
3.1. I n t r o d u c t i o n 
T h i s c h a p t e r d e s c r i b e s an i n s t r u m e n t designed t o d e t e c t 
unwanted m a t e r i a l amongst c u l l e t on a conveyor (see p l a t e 3.1). 
The o r i g i n a l problem i s d i s c u s s e d , and then t h e development o f 
th e i n s t r u m e n t i s f o l l o w e d t h r o u g h from t h e p r i n c i p l e o f th e 
d e s i g n t o c o m p l e t i o n o f t h e t r i a l s . 
C u l l e t c o n s i s t s s i m p l y o f pieces o f broken g l a s s . I t s use 
i s i m p o r t a n t i n g l a s s p r o d u c t i o n . I t o b v i o u s l y reduces gl a s s 
wastage, b u t i t a l s o forms p a r t o f t h e m e l t i n g process, s i n c e 
c u l l e t i s e a s i e r t o me l t t h a n raw m a t e r i a l s . I t has two major 
o r i g i n s i n t h e g l a s s i n d u s t r y : i n t e r n a l , which i s l a r g e l y from 
broken up sheet, p l a t e , or r i b b o n g l a s s c o n t a i n i n g f a u l t s ; and 
e x t e r n a l , from b u i l d i n g s i t e s where g l a z i n g i s c a r r i e d o u t , o r 
from broken b o t t l e s s a l v a g e . Whatever t h e source, t h e c u l l e t i s 
n o r m a l l y t r a n s f e r r e d by conveyor b e l t t o l a r g e tanks a t th e head 
of t h e m e l t i n g f u r n a c e t o be r e l e a s e d when necessary. 
C l e a r l y i t i s d e s i r a b l e t o p r e v e n t any substances o t h e r 
t h a n c u l l e t o r raw m a t e r i a l s f o r g l a s s from e n t e r i n g t h e f u r n a c e , 
t h e r e b y m a i n t a i n i n g a c o n s i s t e n t p r o d u c t . However unwanted items 
do appear from t i m e t o t i m e , e s p e c i a l l y amongst t h e c u l l e t . These 
range from m e t a l l i c o b j e c t s such as cans or w i r e , t o wood, paper, 
p a c k i n g m a t e r i a l and even c l o t h i n g . 
A p o w e r f u l e l e c t r o m a g n e t p o s i t i o n e d above t h e conveyor 
w i l l remove f e r r o u s m a t e r i a l s . A metal d e t e c t o r w i l l p i c k out any 
o t h e r m e t a l l i c o b j e c t s , and i t can be used i n c o n j u n c t i o n w i t h a 
method o f removing m a t e r i a l from t h e conveyor. However, non -
m e t a l l i c o b j e c t s p r e s e n t a more d i f f i c u l t problem. Many years ago 
PLATE 3.1 
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people were employed t o i n s p e c t t h e c u l l e t conveyors and remove 
a n y t h i n g o t h e r t h a n g l a s s . This was l a b o u r i n t e n s i v e , prone t o 
m i s t a k e s , and c o n s i d e r e d t o be dangerous t o t h e o p e r a t o r i n any 
case. There t h e r e f o r e remained t h e d i f f i c u l t y o f d i s t i n g u i s h i n g 
between broken g l a s s , and o t h e r non - m e t a l l i c substances amongst 
i t . Any i n s t r u m e n t capable o f d o i n g t h i s a u t o m a t i c a l l y would have 
t o do so across a b e l t 800mm wide, p i l e d s e v e r a l c e n t i m e t r e s h i g h 
w i t h g l a s s , t r a v e l l i n g a t 1 metre per second. 
3.2. P r i n c i p l e of Detisction of Non - M e t a l l i c Contaminants and 
F>rototype Instrument 
3.2.1 E x p e r i m e n t a l Basis 
A f t e r removing t h e f e r r o u s and non - f e r r o u s metals, some 
method was needed t o d i s t i n g u i s h between broken g l a s s and the 
r e m a i n i n g unwanted m a t e r i a l s amongst i t . As a l r e a d y s t a t e d , these 
m a t e r i a l s i n c l u d e d wood, paper, p o l y s t y r e n e b l o c k s used as g l a s s 
p a c k i n g m a t e r i a l , house b r i c k s , and r e f r a c t o r y b r i c k s , which are 
used t o c o n s t r u c t f u r n a c e s . 
The most obvious d i s t i n g u i s h i n g f e a t u r e from an o p t i c a l 
p o i n t o f view i s t h a t t h e s u r f a c e o f g l a s s r e f l e c t s l i g h t shone 
upon i t , whereas t h e s u r f a c e s of most o f t h e o t h e r m a t e r i a l s 
s c a t t e r i t . T h i s i s t r u e p r o v i d e d t h a t t h e g l a s s has a s u r f a c e 
which i s c o n t i n u o u s over t h e w i d t h o f t h e l i g h t shone on i t : I f 
t h e g l a s s has been broken i n t o pieces s m a l l e r than t h e i n c i d e n t 
l i g h t beam, t h e l a r g e number o f randomly o r i e n t e d s u r f a c e s would 
produce an e f f e c t s i m i l a r t o s c a t t e r i n g . Pieces of g l a s s i n 
c u l l e t are t y p i c a l l y o f t h e o r d e r o f a few c e n t i m e t r e s i n s i z e . 
I t i s t h e r e f o r e necessary t o d e v i s e an o p t i c a l system which can 
d e t e r m i n e whether an area o f one c e n t i m e t r e or l e s s c o n t a i n s a 
3.3 
r e f l e c t i v e m a t e r i a l o r a s c a t t e r i n g one. 
The f i n e , d i r e c t i o n a l beam produced by a l a s e r i s i d e a l 
f o r t h i s a p p l i c a t i o n . An experiment was t h e r e f o r e devised t o 
s t u d y t h e e f f e c t s o f i l l u m i n a t i n g d i f f e r e n t m a t e r i a l s w i t h a 
h e l i u m neon l a s e r beam ( h e l i u m neon l a s e r s are discussed i n 
s e c t i o n 2.2.2.a). The l a y o u t i s i l l u s t r a t e d i n f i g u r e 3.1. The 
l a s e r beam was d i r e c t e d a t t h e m a t e r i a l t o be examined. Around 
t h e m a t e r i a l was a t u r n t a b l e i n t h e form o f an annulus, which 
c o u l d be r o t a t e d w i t h o u t a f f e c t i n g t h e sample. Attached t o t h e 
t u r n t a b l e was an arm w i t h a p h o t o c e l l on i t . The p h o t o c e l l was a 
lOOmm' a c t i v e area UDT v e r s i o n , which gave a c a l i b r a t e d readout 
i n w a t t s . The arm was 90cm l o n g , t o p r o v i d e s u f f i c i e n t angular 
r e s o l u t i o n . Measurements were taken a t angular i n t e r v a l s o f 5 
degrees from t h e a x i s o f t h e i n p u t l a s e r beam. 
The r e s u l t s o f these experiments can be seen i n f i g u r e s 
3.2 and 3.3. These show t h a t i n t h e case o f t h e unwanted 
m a t e r i a l s , t h e l e v e l o f s c a t t e r e d l i g h t was u n i f o r m t o w i t h i n a 
f a c t o r o f two from a v i e w i n g angle on a x i s t o one a t 45 degrees. 
That l e v e l was a p p r o x i m a t e l y 15 t o 30 uW / cm' . However t h e 
m a t e r i a l t h a t was wanted, t h e g l a s s , behaved e n t i r e l y 
d i f f e r e n t l y , even when v e r y d u s t y . On a x i s , c l e a n g l a s s r e t u r n e d 
a p p r o x i m a t e l y 500 uW / cm' of t h e l a s e r l i g h t ( c o r r e s p o n d i n g t o 
8% o f t h e o u t p u t o f t h e 5mW l a s e r , as expected: 4% from each 
s u r f a c e ) . Dusty g l a s s produced h a l f t h i s amount; 250 uW / cm'. 
O f f a x i s , no s i g n a l c o u l d be p i c k e d up from e i t h e r o f t h e two 
samples. Consequently any l i g h t s i g n a l s d e t e c t e d a t angles l a r g e r 
t h a n 5 degrees from t h e i n c i d e n t beam i n d i c a t e d s c a t t e r i n g from a 
non - g l a s s s u r f a c e . 
I t i s t h i s c l e a r d i s t i n c t i o n which i s used i n the basic 
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d e s i g n f o r t h e i n s t r u m e n t . 
3.2.2 Basic Design 
I n t h e l a b o r a t o r y , a l o n g t h i n p i l e o f c u l l e t was made, 
and s m a l l p i e c e s o f r e f r a c t o r y were placed amongst t h e g l a s s t o 
s i m u l a t e t h e contaminated conveyor b e l t . A low power helium neon 
l a s e r was d i r e c t e d onto a s m a l l m i r r o r , and then v e r t i c a l l y down 
onto t h e c u l l e t . Above t h e m i r r o r was a p i e c e of ground g l a s s 
a c t i n g as a screen. The l a s e r , m i r r o r and screen were placed on a 
s l i d e , and moved a l o n g t h e p i l e o f c u l l e t . 
As t h e l a s e r beam was moved across t h e c u l l e t , t h e 
p a t t e r n s on t h e screen above t h e m i r r o r showed t h e l i g h t 
d i s t r i b u t i o n produced by t h e c u l l e t and t h e r e f r a c t o r y . A 
d i f f e r e n c e c o u l d c l e a r l y be seen; t h e c u l l e t produced one or two 
b r i g h t s p o t s , o r an o c c a s i o n a l cusp from an edge, whereas t h e 
whole screen was i l l u m i n a t e d when t h e l a s e r was i n c i d e n t on t h e 
r e f r a c t o r y . T his c o n f i r m e d t h e r e s u l t s o f t h e d i f f e r e n t 
r e f l e c t i o n p r o p e r t i e s o f g l a s s and c u l l e t . The m o n i t o r i n g of the 
c u l l e t depended on d e t e c t i n g t h i s d i f f e r e n c e r e l i a b l y . 
S e v e r a l schemes i n v o l v i n g imaging t h e plane o f t h e screen 
onto a one or two d i m e n s i o n a l a r r a y were c o n s i d e r e d . However as 
th e i n f o r m a t i o n l a y a t t h e p o s i t i o n o f t h e screen i t s e l f , i t was 
decided t o remove t h e screen, and place f o u r d i s c r e t e photodiodes 
around t h e m i r r o r , w i t h t h e m i r r o r (and t h e r e f o r e t h e v e r t i c a l 
l a s e r beam) b e i n g a t t h e c e n t r e o f t h e square. Adjacent d e t e c t o r s 
were a p p r o x i m a t e l y 75mm a p a r t . The o u t p u t s of a l l f o u r d e t e c t o r s 
were d i s p l a y e d s i m u l t a n e o u s l y on a m o n i t o r , u s i n g a s m a l l 
microcomputer. As t h i s assembly was moved along t h e s l i d e , i t 
c o u l d be seen t h a t t h e c u l l e t produced an o c c a s i o n a l l a r g e s i g n a l 
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i n one, or a t most two d e t e c t o r s , whereas t h e pieces of 
r e f r a c t o r y produced a c o n s i s t e n t s i g n a l , a l b e i t lower, from a l l 
f o u r d e t e c t o r s . I t was a s i m p l e m a t t e r t o program i n a t h r e s h o l d 
l e v e l , a l s o d i s p l a y e d on a screen, and an a u d i b l e alarm t o be 
a c t i v a t e d when a l l f o u r d e t e c t o r s exceeded t h i s l e v e l . 
T h is crude i n s t r u m e n t was used t o c a r r y out s e v e r a l 
i n i t i a l e x p e r i m e n t s . I t was found t h a t no amount of rearrangement 
o f t h e p i l e o f c u l l e t would produce a s i g n a l from g l a s s on a l l 
f o u r d e t e c t o r s , a l t h o u g h two would o f t e n r e g i s t e r , and very 
o c c a s i o n a l l y a t h i r d showed a s m a l l s i g n a l w e l l below t h e 
t h r e s h o l d . Dusty g l a s s produced a h i g h e r l e v e l of background 
l i g h t , but r e f l e c t i o n s were s t i l l predominant. Wet g l a s s ( t h e 
c u l l e t i s o f t e n washed t o c u t down on d i r t and d u s t ) behaved i n a 
s i m i l a r way, w i t h a h i g h e r background l e v e l , but s i g n a l s s t i l l 
a p p e a r i n g i n o n l y one or two d e t e c t o r s . 
The response from t h e o t h e r m a t e r i a l s was more v a r i e d . 
The c o l o u r o f t h e m a t e r i a l was i m p o r t a n t : o b v i o u s l y , t h e darker 
t h e m a t e r i a l t h e more l i g h t was absorbed by i t , and l e s s l i g h t 
was s c a t t e r e d towards t h e d e t e c t o r s . From t h i s p o i n t of view i t 
was f o r t u i t o u s t h a t t h e c u l l e t conveyor b e l t was b l a c k , s i n c e 
t h i s would absorb most of t h e beam and not produce s p u r i o u s 
s i g n a l s . I t was a l s o f o r t u n a t e t h a t most o f t h e unwanted 
m a t e r i a l s were b r i g h t l y c o l o u r e d , and so produced a l a r g e amount 
o f s c a t t e r e d l i g h t . I t was found however t h a t most of t h e 
m a t e r i a l s produced a c e r t a i n s p e c u l a r component w i t h i n t h e 
s c a t t e r e d beam, so t h a t s c a t t e r i n g s u r f a c e s a t a l a r g e angle t o 
t h e h o r i z o n t a l produced an uneven s i g n a l from t h e d e t e c t o r s . 
U s u a l l y though, as t h e i n s t r u m e n t was moved over t h e m a t e r i a l 
t h e r e would be some p o i n t on i t a t which a l a r g e s c a t t e r e d s i g n a l 
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was r e c e i v e d i n a l l f o u r d e t e c t o r s s i m u l t a n e o u s l y . 
The geometry o f t h e i n s t r u m e n t was co n s i d e r e d , though t h e 
c o n f i g u r a t i o n which had o r i g i n a l l y been s e t up was c l o s e t o t h e 
optimum f o r t h i s a p p l i c a t i o n . Reducing t h e s e p a r a t i o n between t h e 
d e t e c t o r s made t h e s i g n a l s from t h e c u l l e t more l i k e l y t o cover 
a l l f o u r o f them, whereas i n c r e a s i n g t h e s e p a r a t i o n moved t h e 
d e t e c t o r s away from t h e p o i n t o f i n c i d e n c e o f t h e l i g h t beam on 
t h e g l a s s or r e f r a c t o r y , r e d u c i n g t h e l e v e l o f s c a t t e r e d l i g h t 
i n c i d e n t on them. 
The l a b o r a t o r y t e s t r i g demonstrated t h a t unwanted non -
m e t a l l i c o b j e c t s c o u l d r e a d i l y be d e t e c t e d amongst the c u l l e t . 
However t h e t e s t r i g was e s s e n t i a l l y a s t a t i c d e v i c e . That i t 
would work on c u l l e t moving on a conveyor b e l t , 800mm wide, a t 1 
metre per second, had t o be demonstrated. 
3.3. Operation 
I n o r d e r t o use t h e above p r i n c i p l e t o analyse a l a r g e 
amount o f c u l l e t , i t was obvious t h a t t h e l a s e r beam should be 
moved across t h e conveyor b e l t a t r e g u l a r i n t e r v a l s , w h i l s t t h e 
conveyor b e l t moved t h e g l a s s i n t h e o r t h o g o n a l d i r e c t i o n . I t 
a l s o became c l e a r t h a t t h e d e s i g n o f t h e i n s t r u m e n t d e s c r i b e d 
above was no l o n g e r s u i t a b l e f o r c a r r y i n g t h i s o u t : moving f o u r 
d e t e c t o r s and a m i r r o r ( o r t h e l a s e r i t s e l f ) back and f o r t h 
across t h e conveyor b e l t would be slow, cumbersome and expensive. 
I t was t h e r e f o r e decided t o scan t h e l a s e r beam across t h e c u l l e t 
b e l t , and keep t h e d e t e c t o r s s t a t i o n a r y . 
The l e v e l o f l i g h t r e a c h i n g t h e d e t e c t o r s would be low 
f o r two reasons. F i r s t l y , l a s e r s a f e t y was a prime c o n s i d e r a t i o n 
i n an i n d u s t r i a l environment, and so a low powered (Class 1, 0.5 
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mW) l a s e r would have t o be used i f p o s s i b l e . Secondly, s c a t t e r e d 
l i g h t , by d e f i n i t i o n , would be produced over a wide s o l i d angle, 
and so t o a f i r s t a p p r o x i m a t i o n , t h e f l u x t h r o u g h any gi v e n area 
(such as t h a t o f a d e t e c t o r ) would reduce as t h e square of t h e 
d i s t a n c e from t h e p o i n t o f i n c i d e n c e o f t h e l a s e r beam on t h e 
s u r f a c e . I t was t h e r e f o r e decided t o p l a c e a number o f groups of 
f o u r d e t e c t o r s across t h e b e l t , t o m a i n t a i n s i g n a l from each 
d e t e c t o r . 
The t y p e o f d e t e c t o r s used were chosen c a r e f u l l y . Versions 
were chosen w i t h a l a r g e s e n s i t i v e area; 100mm square, t o ca t c h 
t h e s c a t t e r e d l i g h t . These were a l s o t h e h y b r i d t y p e , which have 
an a m p l i f i e r i n s i d e t h e same c o n t a i n e r as t h e d e t e c t o r i t s e l f . 
T h i s reduces t h e l e n g t h o f t h e ' leads t o a minimum, the r e b y 
r e d u c i n g s t r a y c a p a c i t a n c e ; and i t a l s o r e s u l t s i n a r e l a t i v e l y 
h i g h o u t p u t v o l t a g e as a p r o p o r t i o n o f s i g n a l , r e d u c i n g 
e l e c t r i c a l i n t e r f e r e n c e . These t y p e o f d e t e c t o r s are discussed i n 
s e c t i o n 2.4.2.g. 
The l e v e l o f s c a t t e r e d l a s e r l i g h t which r e q u i r e d 
d e t e c t i o n was so low t h a t some means had t o be found t o 
d i s t i n g u i s h between i t and ambient l i g h t . One way o f do i n g t h i s 
i s t o f i l t e r o u t wavelengths o f l i g h t o t h e r t h a n t h a t produced by 
t h e l a s e r . I n t e r f e r e n c e f i l t e r s c o u l d not be used, because of t h e 
expense o f f i t t i n g one t o each o f t h e many d e t e c t o r s (twenty f o u r 
are used i n t h e p r o d u c t i o n l i n e i n s t r u m e n t ) , and a l s o because t h e 
t r a n s m i s s i o n wavelengths o f these f i l t e r s change w i t h t h e angle 
o f i n c i d e n t l i g h t . Since t h e s c a t t e r e d l i g h t would approach t h e 
d e t e c t o r s from a l a r g e range o f angles as t h e l a s e r was scanned, 
a c o r r e s p o n d i n g l y l a r g e range of t r a n s m i s s i o n wavelengths would 
be r e q u i r e d . T h i s would have a l l o w e d much o f t h e ambient l i g h t t o 
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reach t h e d e t e c t o r s . Another p o s s i b i l i t y may have been t o use 
a b s o r p t i o n f i l t e r s . However, t h e changes i n t r a n s m i s s i o n w i t h 
wavelength o f a b s o r b i n g m a t e r i a l s are not so a b rupt as can be 
achieved w i t h i n t e r f e r e n c e t e c h n i q u e s , and so these f i l t e r s would 
a l s o t r a n s m i t a l a r g e amount o f ambient l i g h t . With these 
problems i n mind, t h e use o f phase s e n s i t i v e d e t e c t i o n was 
c o n s i d e r e d as t h e best method o f b l o c k i n g out ambient l i g h t . 
Phase s e n s i t i v e d e t e c t i o n i s commonly used i n 
i n s t r u m e n t a t i o n . I t s o p e r a t i o n i s summarised i n f i g u r e 3.4, and a 
f u l l a n a l y s i s can be found i n Horowitz & H i l l ( 3 . 1 ) . I n s h o r t , 
phase s e n s i t i v e d e t e c t i o n i s based on m o d u l a t i o n . The i n t e n s i t y 
o f t h e l i g h t source i s modulated a t a f i x e d frequency, and t h e 
e l e c t r o n i c s a s s o c i a t e d w i t h t h e d e t e c t o r ( s ) are c o n f i g u r e d t o 
a m p l i f y o n l y s i g n a l s o f t h a t same fr e q e n c y . This i s n o r m a l l y done 
by a v e r a g i n g t h e d e t e c t o r s i g n a l about zero, a m p l i f y i n g the 
p o s i t i v e h a l f o f each c y c l e p o s i t i v e l y , and a m p l i f y i n g t h e 
n e g a t i v e h a l f o f each c y c l e n e g a t i v e l y . This produces i n e f f e c t a 
r e c t i f i e d o u t p u t , which i s u s u a l l y subsequently smoothed. L i g h t 
s i g n a l s o f o t h e r a.m. f r e q u e n c y , t h e r e f o r e have no e f f e c t on t h e 
s i g n a l , p r o v i d e d t h e y do not s a t u r a t e t h e d e t e c t o r . I t was 
r e q u i r e d t h a t t h e i n s t r u m e n t should be a b l e t o r e s o l v e m a t e r i a l s 
o f a p p r o x i m a t e l y 25mm square i n s i z e . This meant t h a t a t a 
conveyor b e l t speed o f one metre per second, 50 l a s e r scans a 
second were needed t o be w i t h i n t h i s t a r g e t . As i s e x p l a i n e d 
l a t e r , t h e scan t i m e across t h e b e l t was a l i t t l e l e s s than the 
dead t i m e between scans. T h e r e f o r e each scan l a s t e d 1/100 o f a 
second. I t was necessary t o r e s o l v e an i t e m a p p r o x i m a t e l y 1/40 
t h e w i d t h o f t h e b e l t , which would be scanned i n 1/100 x 1/40 = 
1/4000 of a second. Now i n phase s e n s i t i v e d e t e c t i o n , t h e l i g h t 
FIGURE 3.4 
PHASE SENSITIVE DETECTION 
VOLTAGE GENERATOR PRODUCING A 
FHED FREQUENCT SINE WAVE 
SINE WAVE AVERAGED ABOUT ZERO 
SIGNAL USED TO SWITCH AMPLIFIER. 
POSITIVE AMPLIFICATION IN POSITIVE 
HALF OF CYCLE, NEGATIVE 
AMPLIFICATION IN NEGATIVE HALF. 
LIGHT SOURCE MODUUTED FROM 
HIGH TO LOW OUTPUT 
LIGHT DETECTOR (XJTPUT AVERAGED 
ABOOT ZERO: HIGH OUTPUT POSniVE, 
LOW OUTPUT NEGATIVE. 
AVERAGED DETECTION SIGNAL PUT 
THROUGH SWITCHED AMPLIFIER. POSITIVE 
SIGNAL IS AMPLIFIED POSITIVELY (GIVING 
A PQSmVB OUTPUT). NBCATIVB SIGNAL IS 
AMPLIFIED NEGATIVELY ( THEREFORE ALSO 
GIVING A POSITIVE OUTPUT). 
AMPUFIER OUTPUT SMOOTHED TO PRODUCE 
A D.C. LEVEL.. THIS LEVEL IS PROPORTIONAL 
TO TOE AMOUNT OF MODUUTED LIGHT RECEIVED 
BY TOE DETECTOR. 
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source must be modulated s e v e r a l times d u r i n g any one d e t e c t i o n 
p e r i o d . T h i s means t h a t t h e m o d u l a t i o n frequency r e q u i r e d f o r t h e 
i n s t r u m e n t i s o f t h e o r d e r o f 50kHz. A s i m p l e way t o modulate t h e 
o u t p u t o f a l i g h t source i s t o use a r o t a t i n g chopper which 
a l t e r n a t e l y b l o c k s and t r a n s m i t s t h e beam, but no chopper c o u l d 
be found which was capable o f r o t a t i n g f a s t enough t o produce 
t h i s f requency. However a form o f chopping i s p o s s i b l e u s i n g 
acousto o p t i c m o d u l a t i o n . These components would have modulated 
t h e beam q u i c k l y enough, but th e y are r e l a t i v e l y expensive. The 
o u t p u t o f a h e l i u m neon l a s e r can be modulated, but once again, 
not a t t h e necessary speed. However, l a s e r diodes have a very 
q u i c k response o f l i g h t o u t p u t t o i n p u t v o l t a g e . A frequency 
g e n e r a t o r was t h e r e f o r e connected t o t h e i n p u t v o l t a g e o f a l a s e r 
d i o d e package w i t h i n t e g r a l c o l l i m a t i n g o p t i c s , and modulation o f 
i t s o u t p u t was achieved w e l l above 50kHz. This i s a si m p l e , cheap 
and a p p r o p r i a t e l i g h t source f o r t h e i n s t r u m e n t . The p r o p e r t i e s 
of semiconductor l a s e r s are di s c u s s e d i n s e c t i o n 2.2.2.f. 
I n f a c t t h e f i n a l system uses both phase s e n s i t i v e 
d e t e c t i o n and a b s o r p t i o n f i l t e r s . Laser l i g h t a t 820nm was used, 
and f i l t e r s a b s o r b i n g r a d i a t i o n below 750nm were f i t t e d t o the 
d e t e c t o r s . T h i s was necessary t o prevent t h e h i g h g a i n on t h e 
pho t o d i o d e s , necessary t o d e t e c t t h e s c a t t e r e d l i g h t , from 
d r i v i n g them i n t o s a t u r a t i o n . 
3.A. Apparatus 
The i n s t r u m e n t used on t h e p r o d u c t i o n l i n e i s shown i n 
f i g u r e 3.5. The c u l l e t conveyor b e l t t r a n s p o r t s a stream o f 
c u l l e t i n t h e d i r e c t i o n arrowed. Spanning t h e conveyor b e l t i s a 
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which t h e l a s e r l i g h t i s scanned. A s i n g l e r e f e r e n c e l i g h t 
d e t e c t o r i s a t t a c h e d t o one end of t h e g a n t r y , and a l i g n e d 
c e n t r a l l y w i t h t h e s l o t . When t h e l a s e r l i g h t passes over t h i s 
d e t e c t o r , t h e i n s p e c t i o n process f o r each scan i s i n i t i a t e d . 
E i t h e r s i d e o f t h e s l o t a re t w e l v e l i g h t d e t e c t o r s which p r o j e c t 
t h r o u g h t o t h e u n d e r s i d e o f t h e g a n t r y and face t h e c u l l e t on t h e 
conveyor b e l t . Above t h e g a n t r y i s a frame (and n o r m a l l y a sheet 
m e t a l cover, which i s excluded i n t h e f i g u r e t o a l l o w t he 
components t o be i l l u s t r a t e d ) . At t h e c e n t r e o f t h i s frame i s a 
b a c k p l a t e on which i s a s o l i d s t a t e l a s e r and a raulti f a c e t e d 
m i r r o r scanner wheel d r i v e n by a scanner motor. 
To p r o t e c t a l l these components d u r i n g o p e r a t i o n t h e 
metal cover on t h e g a n t r y has a dust t i g h t s e a l on i t . Also, 
underneath t h e g a n t r y i s a c l e a r l a m i n a t e d windscreen, which 
t r a n s m i t s t h e l a s e r l i g h t , and p r o t e c t s t h e d e t e c t o r s from any 
a c c i d e n t a l impacts. This screen i s a l s o a t t a c h e d w i t h a dust 
t i g h t s e a l . Some o f t h e beam i s o b v i o u s l y r e f l e c t e d by t h i s 
window, b u t t h e d i r e c t beam from t h e l a s e r i s merely d i r e c t e d 
o n t o t h e i n s i d e o f t h e sheet cover, and t h e s c a t t e r e d l i g h t from 
t h e unwanted m a t e r i a l s i s reduced i n i n t e n s i t y by a p p r o x i m a t e l y 
10%, as would n o r m a l l y happen t h r o u g h g l a s s . The window does not 
s i g n i f i c a n t l y a f f e c t t h e performance o f t h e i n s t r u m e n t . 
I n o p e r a t i o n , t h e c o l l i m a t e d beam ( a p p r o x i m a t e l y 5mm 
d i a m e t e r ) from t h e l a s e r d i o d e i s d i r e c t e d onto t h e underside o f 
th e scanner wheel, which i s r o t a t e d by t h e scanner motor. There 
ar e e i g h t r e f l e c t i v e s i d e s on t h e wheel, which s u c c e s s i v e l y scan 
t h e l a s e r beam i n t h e manner i n d i c a t e d i n f i g u r e 3.5, t h a t i s , 
t h r o u g h t h e s l o t i n t h e g a n t r y and across t h e c u l l e t on t h e 
conveyor b e l t . To r e c o r d t h e b e g i n n i n g o f each scan, t h e l a s e r 
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beam passes over a r e f e r e n c e photodiode. When a s i g n a l i s 
r e c e i v e d from t h i s p h o t o d i o d e , t h e i n s p e c t i o n photodiodes are 
a c t i v a t e d . A r o t a r y encoder i s f i x e d t o t h e back o f t h e motor, 
which produces 500 pulses f o r every r e v o l u t i o n o f t h e s h a f t . The 
pul s e s from t h i s encoder are used t o a c t i v a t e s e t s o f f o u r 
d e t e c t o r s as t h e l a s e r beam i s scanned between them, l e a v i n g t he 
o t h e r d e t e c t o r s d e - a c t i v a t e d . The scanning polygon i s placed h i g h 
enough above t h e conveyor b e l t t o ensure t h a t t h e whole p a r t o f 
t h e l a s e r beam i s r e f l e c t e d onto t h e c u l l e t a t a l l ti m e s . I t was 
found t h a t t h i s would occur p r o v i d i n g t h e scanner was a t l e a s t 
one metre above t h e b e l t , scanning t h e beam th r o u g h an angle o f 
42 degrees. 
To m a i n t a i n a s e p a r a t i o n o f a p p r o x i m a t e l y 75mm between 
each d e t e c t o r , 12 are needed on each s i d e o f t h e scan. I n order 
t o make t h e most e f f i c i e n t use o f t h e d e t e c t o r s , they are used as 
i l l u s t r a t e d i n f i g u r e 3.6. One s e t o f f o u r d e t e c t o r s i s used a t 
any one t i m e , such t h a t t h e s e t immediately above t h e l a s e r beam 
i s a c t i v a t e d , w h i l s t t h e s e t s t o e i t h e r s i d e are d e a c t i v a t e d . I n 
f i g u r e 3.6, t h e area o f t h e conveyor b e l t covered by t h e f i r s t 
s e t o f f o u r d e t e c t o r s i s d e s i g n a t e d 'A'; t h e area covered by the 
second s e t i s d e s i g n a t e d 'B' and so on. Thus when t h e beam of 
l a s e r l i g h t i s sweeping across t h a t area o f t h e c u l l e t b e l t 
d e s i g n a t e d by 'A', t h e f o u r l i g h t d e t e c t o r s immediately above t h e 
area a r e a c t i v a t e d , whereas a d j a c e n t l i g h t d e t e c t o r s are 
d e a c t i v a t e d . S i m i l a r l y , when t h e beam o f l i g h t i s scanning across 
t h e area 'B* on t h e c u l l e t b e l t , those d e t e c t o r s immediately 
above i t are a c t i v a t e d and l i g h t d e t e c t o r s on e i t h e r s i d e are 
d e a c t i v a t e d . 
O b v i o u s l y i t i s d e s i r a b l e t o produce an e l e c t r o n i c pulse 
FIGURE 3.6 
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each t i m e t h e l a s e r scan moves from one area t o t h e ne x t , so t h a t 
t h e a p p r o p r i a t e d e t e c t o r s can be a c t i v a t e d . Since t h e progress o f 
t h e l a s e r beam i s m o n i t o r e d by t h e encoder on t h e scanner motor, 
o p p o s i t e p a i r s o f d e t e c t o r s are placed on t h e g a n t r y such t h a t 
t h e scanner wheel moves t h r o u g h an equal angle t o move t h e beam 
from one p a i r t o t h e n e x t . This r e s u l t s i n t h e c e n t r a l two p a i r s 
o f d e t e c t o r s b e i n g 69.6mra a p a r t , and t h e outermost p a i r s being 
76.4ram a p a r t . However t h e angle o f scan between a l l t w e l v e p a i r s 
i s t h e same: 3.82 degrees. T h i s corresponds t o a 1.91 degrees 
movement o f t h e scanner wheel. The photodiode used t o produce t h e 
i n i t i a t i o n p u l s e was t h e n placed c e n t r a l l y on t h e g a n t r y i n a 
p o s i t i o n which corresponded t o 1.91 degrees o f scan b e f o r e t h e 
f i r s t s e t o f f o u r d e t e c t o r s . To t r a n s l a t e t h e 0.72 degrees 
s e p a r a t i o n between t h e 500 pulses o f t h e encoder t o 1.91 degrees, 
a c o m b i n a t i o n o f a gearbox on t h e o u t p u t s h a f t o f t h e motor t o 
reduce t h e s e p a r a t i o n between t h e p u l s e s , and successive h a l v i n g 
of t h e p u l s e r a t e u s i n g l o g i c c i r c u i t s t o i n c r e a s e t h e s e p a r a t i o n 
between t h e p u l s e s , was necessary. The co m b i n a t i o n which r e s u l t e d 
most c l o s e l y i n t h e d e s i r e d angular s e p a r a t i o n was a 6:1 gearbox 
( r e s u l t i n g i n pulses every 0.12 degrees r o t a t i o n ) and h a l v i n g t he 
p u l s e r a t e f o u r t i m e s , p r o d u c i n g a p u l s e f o r every r o t a t i o n of 
1.92 degrees o f t h e scanner. 
The f u n c t i o n o f t h e e l e c t r o n i c s a s s o c i a t e d w i t h t h e 
i n s t r u m e n t i s summarised i n F i g u r e 3.7. The 'raw' s i g n a l s from 
a l l t w e n t y f o u r d e t e c t o r s a r e f e d s e p a r a t e l y i n t o t h e m u l t i p l e x e r 
board. This board r e c e i v e s t h e i n i t i a t i o n p u l s e , and then a f t e r 
1.92 degrees r o t a t i o n o f t h e scanner wheel, switches t h e f i r s t 
s e t o f f o u r d e t e c t o r s t h r o u g h t o t h e i r phase s e n s i t i v e d e t e c t o r 
boards. A f t e r a f u r t h e r 1.92 degrees r o t a t i o n t h e second s e t of 
FIGURE 3.7 
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f o u r d e t e c t o r s i s s w i t c h e d t h r o u g h . A f t e r passing through t h e 
phase s e n s i t i v e d e t e c t i o n c i r c u i t r y , t h e f o u r d e t e c t o r o u t p u t s 
are f e d i n t o a t o t a l i s e r . Should a l l f o u r d e t e c t o r s 
s i m u l t a n e o u s l y produce an o u t p u t h i g h e r than t h e predetermined 
t h r e s h o l d l e v e l , t h i s c i r c u i t w i l l produce an o u t p u t t h a t can be 
a c t e d upon. I t i s normal i n i n s t r u m e n t a t i o n t o c o n v e r t low l e v e l s 
o f s i g n a l , or h i g h frequency s i g n a l s , i n t o a form l e s s l i k e l y t o 
s u f f e r from e l e c t r i c a l i n t e r f e r e n c e . From t h i s p o i n t of view i t 
c o u l d be argued t h a t t h e phase s e n s i t i v e d e t e c t i o n c i r c u i t r y 
s h o u l d have come b e f o r e t h e m u l t i p l e x i n g . However PSD c i r c u i t s 
a re complex and expensive, so t o have a complete c i r c u i t f o r each 
o f t h e t w e n t y f o u r d e t e c t o r s was c o n s i d e r e d i m p r a c t i c a l . I n s t e a d , 
care was t a k e n t o p r e v e n t i n t e r f e r e n c e and c r o s s t a l k i n the 
d e t e c t o r o u t p u t s . 
I n t h e i n s t r u m e n t on t h e p r o d u c t i o n l i n e , t h e o u t p u t from 
t h e t o t a l i s e r c i r c u i t i s processed f u r t h e r . The conveyor b e l t 
where t h e i n s t r u m e n t s i t s c a r r i e s ' i n t e r n a l ' c u l l e t . The most 
common t y p e o f unwanted m a t e r i a l i n t h i s case i s p o l y s t y r e n e 
b l o c k s used as g l a s s p a c k i n g m a t e r i a l . Small pieces of packing 
m a t e r i a l s i m p l y pass i n t o t h e f u r n a c e and v a p o u r i s e . Large 
p i e c e s , however, can b l o c k up t h e movement o f t h e g l a s s ; t h i s has 
major consequences i n a t o t a l l y a u t o m a t i c c u l l e t conveyor system. 
I t was t h e r e f o r e d e s i r a b l e t h a t t h e i n s t r u m e n t should i g n o r e 
s m a l l p i e c e s o f p o l y s t y r e n e , but a c t on l a r g e ones. This i s done 
i n a v e r y s i m p l e way; t h e i n s t r u m e n t s i m p l y counts t h e number of 
c o n s e c u t i v e scans o f t h e l a s e r beam i n which t h e t o t a l i s e r o u t p u t 
goes h i g h . I f t h i s number exceeds a p r e s e t v a l u e then t h e 
i n s t r u m e n t produces an alarm. The p r e s e t v a l u e can be s e t by a 
thumbwheel on t h e f r o n t o f t h e e l e c t r o n i c c o n t r o l box. 
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3.5. Performance of the Etetector 
The performance o f t h e i n s t r u m e n t was determined i n an 
e n g i n e e r i n g l a b o r a t o r y , u s i n g a s m a l l f l a t m o t o r i s e d conveyor t o 
s i m u l a t e a conveyor b e l t . The b e l t was o n l y t e n metres l o n g , but 
c o u l d be r u n a t a wide range o f speeds, and had f i x i n g places 
f o r e x p e r i m e n t a l apparatus. Glass had t o be fed manually. 
Performance was examined under two working 
c o n d i t i o n s . F i r s t l y , t h e b e l t was r u n a t 1 metre per second, 
w i t h t h e g a n t r y p o s i t i o n e d 280mm above i t . This was t o s i m u l a t e 
o p e r a t i o n i n a f l o a t g l a s s f a c t o r y . Secondly, t h e b e l t was run 
a t 0.25 metres per second, w i t h t h e g a n t r y 150mm above i t , t o 
s i m u l a t e o p e r a t i o n i n a p l a t e g l a s s f a c t o r y . 
An o c c a s i o n a l drawback o f t h i s f u l l s i z e d p r o d u c t i o n 
p r o t o t y p e was t h a t , when placed on t h e conveyor b e l t , i t d i d 
produce an alarm s i g n a l o c c a s i o n a l l y from c u l l e t . This Was i n 
t h e form o f a v e r y s h o r t s p i k e from t h e t o t a l i s e r d u r i n g some 
scans. V a r i o u s e x p l a n a t i o n s were developed as t o why t h i s 
o c c u r r e d . The two most l i k e l y were f i r s t l y t h a t t h e r e was a 
degree o f c r o s s t a l k between t h e twenty f o u r d e t e c t o r i n p u t s 
( d e s p i t e t h e e f f o r t s t o keep t h i s t o a minimum), so t h a t i f one 
d e t e c t o r r e c e i v e d a v e r y l a r g e s i g n a l t h e o t h e r t h r e e picked i t 
up and were d r i v e n over t h e t h r e s h o l d ; and secondly t h a t t h e 
s i g n a l s r e c e i v e d by t h e f o u r d e t e c t o r s were i n f a c t t e m p o r a l l y 
s e p a r a t e d , but t h a t t h e smoothing o f t h e s i g n a l by t h e phase 
s e n s i t i v e d e t e c t i o n c i r c u i t s h e l d them h i g h l o n g enough t o be 
s i m u l t a n e o u s l y over t h e t h r e s h o l d . U n f o r t u n a t e l y , t i m e and money 
d i d n o t p e r m i t a thoro u g h i n v e s t i g a t i o n i n t o t h e t h e cause of 
these " f a l s e alarms". On t h e o t h e r hand, t h e y occurred so 
i n f r e q u e n t l y , and f o r such a s m a l l number o f c o n s e c u t i v e scans, 
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t h a t t h e i n s t r u m e n t c o u l d s t i l l be used p r o v i d e d a lower l i m i t 
was placed on t h e s i z e o f o b j e c t t o be d e t e c t e d . 
Two performance parameters were q u a n t i f i e d . F i r s t l y , 
r e s o l u t i o n was s t u d i e d by pas s i n g s u c c e s s i v e l y s m a l l e r cubes o f 
p o l y s t y r e n e p a c k i n g m a t e r i a l under t h e i n s t r u m e n t , u n t i l t h e 
r e l i a b i l i t y o f d e t e c t i o n became s i g n i f i c a n t l y reduced. This was 
done w i t h no g l a s s on t h e b e l t , t o d i s t i n g u i s h between t he 
d e t e c t i o n o f pa c k i n g m a t e r i a l , and any s i g n a l s produced by t h e 
g l a s s i t s e l f . Secondly, t h e f a l s e alarm r a t e was q u a n t i f i e d f o r 
d i f f e r e n t c o n d i t i o n s and g l a s s l o a d s , i n terms o f th e number o f 
c o n s e c u t i v e scans any s p u r i o u s s i g n a l l a s t e d f o r . The r e s u l t s 
were as f o l l o w s : 
a) F l o a t P l a n t O p e r a t i o n 
R e s o l u t i o n : The i n s t r u m e n t c o u l d r e l i a b l y d e t e c t 100mm 
l e n g t h s o f p o l y s t y r e n e packing m a t e r i a l , e i t h e r alone on 
t h e b e l t , or amongst c u l l e t . Using s u c c e s s i v e l y s m a l l e r 
samples, i t was e s t i m a t e d t h a t 35mm cubes were d e t e c t e d 
85% o f t h e t i m e , and 25mm cubes were d e t e c t e d 50% of 
t h e t i m e . 
F a l s e Alarm Rate: False alarms produced by passing c u l l e t 
under t h e i n s t r u m e n t d i d not exceed 3 c o n s e c u t i v e l a s e r 
scans. 
Recommended L i m i t o f O p e r a t i o n : I t was recommended 
t h a t t h e i n s t r u m e n t be used t o d e t e c t spacers no s m a l l e r 
t h a n 120mm i n l e n g t h . At a one metre per second b e l t 
speed t h i s corresponded t o 6 c o n s e c u t i v e l a s e r scans. I t 
was t h o u g h t t h a t t h i s was . s u f f i c i e n t t o prevent 
c o n f u s i o n between f a l s e alarms from c u l l e t and readings 
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from unwanted m a t e r i a l s . 
b) P l a t e F a c t o r y O p e r a t i o n 
R e s o l u t i o n : 25mm cubes o f p o l y s t y r e n e packing m a t e r i a l 
c o u l d r e l i a b l y be d e t e c t e d . I t was e s t i m a t e d t h a t 12mm 
cubes were p i c k e d up 80% of t h e t i m e . 
False Alarm Rate: At t h i s s e t t i n g t h e f a l s e alarm r a t e was 
found t o be h e a v i l y dependent on g l a s s l o a d . A monolayer 
o f g l a s s was r e q u i r e d t o achieve a c c e p t a b l e r e s u l t s . 
False alarms produced by passing a monolayer o f gl a s s 
under t h e i n s t r u m e n t d i d not exceed 4 co n s e c u t i v e scans. 
With heavy g l a s s loads i t was found t h a t t h i s c ould 
exceed 10 c o n s e c u t i v e scans. 
Recommended L i m i t o f O p e r a t i o n : I t was recommended 
t h a t t h e i n s t r u m e n t i n i t s p r e s e n t form be used t o 
d e t e c t m a t e r i a l no s m a l l e r than 40mm square amongst a 
monolayer o f g l a s s . With a b e l t speed o f 0.25 metres 
per second t h i s corresponded t o 8 co n s e c u t i v e l a s e r 
scans, which was once again t h o u g h t t o be s u f f i c i e n t t o 
pr e v e n t c o n f u s i o n between f a l s e alarms and proper 
r e a d i n g s . 
Other M a t e r i a l s : Since t h e p l a t e f a c t o r y o p e r a t i o n 
i n v o l v e d e x t e r n a l c u l l e t , a range o f l i k e l y unwanted 
m a t e r i a l s were passed under t h e i n s t r u m e n t . Various 
p i e c e s o f r e f r a c t o r y c o u l d be d e t e c t e d , r a n g i n g i n 
c o l o u r s from w h i t e t o l i g h t brown. Black, and very dark 
brown r e f r a c t o r y was not d e t e c t e d . L i g h t c o l o u r e d paper, 
card and wood were a l l d e t e c t e d . P a i n t e d aluminium cans 
were a l s o d e t e c t e d . 
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From t h e many c u l l e t conveyor s i t e s a v a i l a b l e , t h e most 
s u i t a b l e s i t e f o r e a r l y t r i a l s was co n s i d e r e d t o be i n a f l o a t 
p l a n t , where l a r g e p i e c e s o f packing m a t e r i a l c o n s t i t u t e d t h e 
unwanted m a t e r i a l , and t h e c u l l e t was g e n e r a l l y c l e a n . This gave 
t h e best chance o f success. The i n s t r u m e n t performed p e r f e c t l y 
w e l l f o r t h i s purpose, as i s e x p l a i n e d below. 
3.6. Works T r i a l s 
Once t h e performance o f t h e i n s t r u m e n t had been 
q u a n t i f i e d as above, i t was placed on a c u l l e t conveyor w i t h i n a 
f l o a t g l a s s f a c t o r y . I t behaved as p r e d i c t e d from t h e o u t s e t , 
b u t a c o n s i d e r a b l e t i m e t r i a l was undertaken i n which t h e o n l y 
a c t i o n t a k e n i n an alarm c o n d i t i o n was t h e i l l u m i n a t i o n of an 
LED. A f t e r t h r e e months o f co n t i n u o u s o p e r a t i o n w i t h no f a u l t s , 
and no apparent d e g r a d a t i o n o f t h e s i g n a l l e v e l s , t h e con n e c t i o n 
was made t o a c u l l e t d i v e r t e r . This i s a d e v i c e which i s capable 
o f s h i f t i n g t h e f l o w o f c u l l e t from one d i r e c t i o n t o another. I n 
our case t h e c u l l e t d i v e r t e r was c o n s t r u c t e d by a l l o w i n g c u l l e t 
t o f a l l o f f t h e end o f t h e conveyor down a v e r t i c a l chute t o a 
second conveyor. I n t h e event o f an alarm s i g n a l , a f l a p e n t e r ed 
t h e c h ute and d i v e r t e d t h e c u l l e t down t o a s k i p ready f o r 
d i s p o s a l . 
A c o n t r o l l e d s e t o f t e s t s were c a r r i e d o u t , t o determine: 
a) The a b i l i t y o f t h e i n s t r u m e n t t o d e t e c t spacers 
and b) The a b i l i t y o f t h e d i v e r t e r t o remove them. 
P o l y s t y r e n e spacers were c u t i n t o a range o f l e n g t h s : 
150mm; 200mm; 300mm; 400mm; SOOram; and 600mm. 
F i v e pieces o f each l e n g t h of- spacer were thrown onto 
the- c u l l e t b e l t , i n random o r i e n t a t i o n s . As each spacer passed 
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t h e d e t e c t o r and d i v e r t e r , two pieces o f i n f o r m a t i o n were 
r e c o r d e d : 
a) The d e t e c t i o n o f t h e spacer 
and b) The s u c c e s s f u l removal o f t h e spacer 
As above, t h e i n s t r u m e n t would o n l y send a s i g n a l t o t h e 
d i v e r t e r i f a p r e s e t number o f c o n s e c u t i v e scans showed 
s c a t t e r i n g m a t e r i a l p r e s e n t . The l a s e r scan frequency was SOHz, 
and t h e conveyor b e l t speed was one metre per second. Thus each 
l a s e r scan corresponded t o 20mra o f b e l t t r a v e l . The t r i a l s were 
c a r r i e d out f o r f o u r d i f f e r e n t s e t t i n g s on t h e c o n t r o l box: 
1) 10 - 200mm o f spacer m a t e r i a l 
2) 15 - 300mm of spacer m a t e r i a l 
3) 20 - 400mm of spacer m a t e r i a l 
4) 25 - 500mm o f spacer m a t e r i a l 
The r e s u l t s a r e shown i n Table 3.1 and g r a p h i c a l l y i n 
F i g u r e 3.8. I t can be seen t h a t t h e i n s t r u m e n t worked as 
i n t e n d e d , a c t i n g on spacers o f a p r e s e t s i z e . The s t e p between 
a c t i n g on t h e spacer and not do i n g i s not a b r u p t ; t h i s was 
caused by t h e random o r i e n t a t i o n s o f t h e spacers on t h e 
conveyor. However spacers found w i t h i n t h e conveyor system 
g e n e r a l l y l a y lengthways on t h e conveyor b e l t , so r e s t r i c t i n g 
r e s o l u t i o n t o t h e d i r e c t i o n o f b e l t t r a v e l was acceptable i n 
t h i s case. The cases where a spacer was d e t e c t e d but not 
s u c c e s s f u l l y removed was s i m p l y caused by t h e spacer being 
delayed by t h e machinery around t h e d i v e r t e r , and not r e a c h i n g 
t h e f l a p u n t i l t h e d i v e r t e r a c t i o n had f i n i s h e d . 
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The i n s t r u m e n t d e s c r i b e d uses a range o f t e c h n o l o g i e s 
w i t h i n e l e c t r o - o p t i c a l i n s t r u m e n t a t i o n . A l t h o u g h t h e p r i n c i p l e 
o f o p e r a t i o n was o r i g i n a l enough t o p a t e n t , i t was o n l y made 
p r a c t i c a l by r e c e n t advances i n semi conductor diode l a s e r 
t e c h n o l o g y , and s i l i c o n d e t e c t o r t e c h n o l o g y . The advances i n t h e 
e l e c t r o - o p t i c s i n d u s t r i e s have made p o s s i b l e t h e a p p l i c a t i o n 
o f a s i m p l e i d e a t o s o l v e a d i f f i c u l t problem. 
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CHAPTER 4 MONITORING THE FLATNESS OF GLASS 
4.1 I n t r o d u c t i o n 
Glass produced by t h e f l o a t process i s g e n e r a l l y 
c o n s i d e r e d t o be " f l a t " - and c e r t a i n l y by c o n s t r u c t i o n i n d u s t r y 
s t a n d a r d s i t i s f l a t enough f o r t h e m a j o r i t y of r e q u i r e m e n t s . 
However some uses do demand a h i g h degree of f l a t n e s s . One 
example i s i n car windscreens, which a r e mounted a t l a r g e angles 
of i n c i d e n c e t o t h e d r i v e r ' s l i n e o f s i g h t , and s u r f a c e 
i r r e g u l a r i t i e s are more e a s i l y seen. 
As car m a n u f a c t u r e r s improve t h e designs of t h e i r c a r s , 
t h e s p e c i f i c a t i o n s r e q u i r e d o f t h e s u p p l i e r s become more 
s t r i n g e n t . One such r e q u e s t i s t h e supply of l a r g e r , s t r o n g e r 
windscreens which weigh l e s s t h a n p r e v i o u s ones. 
The response w i t h i n P i l k i n g t o n t o t h i s demand was t o 
produce l a m i n a t e d and toughened windscreens w i t h t h e same 
s t r e n g t h as b e f o r e , but made w i t h t h i n n e r g l a s s . I n g e n e r a l i t 
was known t h a t t h e f l a t n e s s of f l o a t g l a s s was i n v e r s e l y 
p r o p o r t i o n a l t o i t s t h i c k n e s s . Since t h e requirement was t o 
produce t h i n , f l a t s h e e t s , i t was c o n s i d e r e d t h a t t h e q u i c k , 
r o u t i n e measurement of t h e p r o f i l e o f t h e g l a s s sheets was 
r e q u i r e d . 
4.2 Proposal 
A l t h o u g h t h e r e q u i r e m e n t i n t h i s work was s t r a i g h t 
f o r w a r d - t o measure t h e shape of t h e g l a s s - t h e p r a c t i c a l i t i e s 
o f t h e problem were not so s i m p l e . A t y p i c a l g l a s s sheet 
s u b m i t t e d f o r measurement was 300mm by 600mm i n s i z e , but o n l y 
2mm- t h i c k . Any t e c h n i q u e which r e l i e d on mechanical c o n t a c t 
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i n e v i t a b l y i n v o l v e d f o r c e s , which would a f f e c t t h e shape of t h e 
t h i n g l a s s . F u r t h e r i t was b e l i e v e d t h a t most o f t h e shape was 
matched on t h e t o p and bottom s u r f a c e s ; i n o t h e r words the 
predominant o v e r a l l g l a s s forms were r i p p l e and bow. Features 
l i k e t h i s would reduce i n magnitude i f t h e g l a s s was supported 
on a h o r i z o n t a l l y f l a t t a b l e , and c o u l d not be assumed t o remain 
u n a f f e c t e d i f t h e g l a s s was s u b j e c t e d t o f o r c e s w h i l e h e l d 
v e r t i c a l l y . 
I t was t h e r e f o r e c o n s i d e r e d t h a t an o p t i c a l t e c h n i q u e was 
t h e b e s t approach t o t h e problem, and i t was decided t o b u i l d an 
i n s t r u m e n t based on t h e S c h l i e r e n method t o analyse t h e s u r f a c e 
p r o f i l e o f t h e g l a s s . 
4.3 O p t i c a l System 
A S c h l i e r e n system was s e t up as shown i n f i g u r e 4.1. A 
q u a r t z halogen lamp w i t h a s m a l l (2mm x 1mm) f i l a m e n t was used t o 
i l l u m i n a t e t h e system (see s e c t i o n 2.2.3.a). An image of t h i s was 
formed on a s l i t by a q u a l i t y condenser, and t h e t r a n s m i t t e d beam 
a l l o w e d t o f a l l o nto an o f f a x i s p a r a b o l o i d . This c o l l i m a t e d t he 
beam and d i r e c t e d i t towards t h e g l a s s t o be analysed. Normally 
t h e c o l l i m a t i n g m i r r o r s i n S c h l i e r e n systems are s p h e r i c a l , and 
t h e systems a r e used q u a l i t a t i v e l y . However i n t h i s c r i t i c a l 
s i t u a t i o n , where q u a n t i t a t i v e measurements were being taken, t he 
s p h e r i c a l a b e r r a t i o n and coma produced by spheres was not 
a c c e p t a b l e . The s u r f a c e which produces an exact c o l l i m a t i o n from 
a p o i n t source i s a p a r a b o l o i d w i t h i t s focus on t h e source; t h e 
use o f an o f f a x i s p a r a b o l o i d p r e v e n t s t h e source from o b s c u r i n g 
t h e beam. The g l a s s was pla c e d i n a frame i n which i t s a t near 
v e r t i c a l ; l e a n i n g back j u s t enough f o r i t t o remain s t a b l e . I n 
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t h i s way i t was c o n s i d e r e d t h a t t h e f o r c e s l i k e l y t o a f f e c t t h e 
shape o f t h e g l a s s would be minimised. The g l a s s was p o s i t i o n e d 
i n such a way t h a t t h e l i g h t r e f l e c t e d from i t s s u r f a c e r e t u r n e d 
a l o n g t h e same o p t i c a l a x i s as t h e outward beam. A b e a m s p l i t t e r 
r e f l e c t e d t h e r e t u r n i n g l i g h t onto a k n i f e edge, which was 
p o s i t i o n e d p a r a l l e l t o t h e l o n g s i d e o f t h e image of t h e s l i t , 
and such t h a t i t obscured h a l f o f t h e image o f t h e source. I n t h e 
k n i f e edge system, r e f l e c t i o n from every p a r t o f t h e gl a s s 
s u r f a c e c o n t r i b u t e s t o t h e f i n a l image. For a p e r f e c t s u r f a c e a l l 
p a r t s o f t h e s u r f a c e c o n t r i b u t e e q u a l l y . However, i f p a r t o f t h e 
l i g h t source i s d i s t o r t e d i t w i l l l e a d t o i t s c o n t r i b u t i o n t o the 
image b e i n g p a r t i a l l y i n s i d e ( o r o u t s i d e ) t h e k n i f e edge. 
Consequently i n t h e l i g h t beam t r a n s m i t t e d beyond the k n i f e edge 
t h e apparent i n t e n s i t y o f t h i s p a r t o f t h e s u r f a c e i s reduced ( o r 
i n c r e a s e d ) . The l i g h t was the n passed t h r o u g h a l e n s which 
produced an image o f t h e g l a s s . A s m a l l area (1mm) photodiode was 
pl a c e d a t t h e image plane. The photodiode was mounted on the 
t r a v e r s i n g arm o f an X Y t p l o t t e r , t h e same p l o t t e r being used 
t o r e c o r d t h e i n t e n s i t y o f t h e beam i n c i d e n t on t h e diode as i t 
was t r a v e r s e d across t h e image o f t h e g l a s s . 
I t was decided t o coat t h e t o p s u r f a c e o f t h e gl a s s w i t h 
aluminium, t o ensure t h a t t h e t o p and bottom s u r f a c e s would not 
be confused, and t o improve t h e l e v e l o f s i g n a l . 
Using t h i s system v a r i a t i o n s i n i l l u m i n a t i o n a t t h e image 
c o u l d q u i t e c l e a r l y be d e t e c t e d , which from t h e i r n a t u r e ( l o n g 
dark and b r i g h t broad l i n e s ) i n d i c a t e d r i p p l e s , which i s what had 
been suspected f o r t h e s u r f a c e d e f e c t s . 
I n a S c h l i e r e n system t h e v a r i a t i o n s i n i l l u m i n a t i o n o f 
an image r e l a t e t o a r a t e o f change o f r e f r a c t i v e index, or i n 
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t h i s case o f s u r f a c e h e i g h t . Thus t h e t r a c e s produced by t h e pen 
on t h e p l o t t e r c o u l d not be d i r e c t l y r e l a t e d t o the s u r f a c e 
p r o f i l e , o n l y t o i t s d e r i v a t i v e . I t was t h e r e f o r e necessary t o 
d e v i s e a way o f i n t e g r a t i n g t h e o u t p u t from t h e photodiode t o 
y i e l d t h e s u r f a c e p r o f i l e . 
4.4 I n t e g r a t i n g the Readouts 
Two methods o f i n t e g r a t i o n were i n v e s t i g a t e d , which were 
e s s e n t i a l l y independent from each o t h e r . The two methods would be 
compared i n o r d e r t o v e r i f y t h e i r v a l i d i t y . 
•4 . 4 • a E l e c t r o n i c I n t e g r a t i o n 
As was i n d i c a t e d above, t h e S c h l i e r e n t e c h n i q u e 
h i g h l i g h t s t h e r a t e o f change o f ( i n our case) h e i g h t , not the 
h e i g h t i t s e l f . To o b t a i n a t r a c e o f t h e a c t u a l s u r f a c e p r o f i l e , 
i t was necessary t o i n t e g r a t e t h e t r a c e s produced on the p l o t t e r . 
A s m a l l e l e c t r o n i c i n t e g r a t o r was connected t o t h e o u t p u t 
o f t h e p h o t o c e l l on t h e X Y t p l o t t e r . This i s i l l u s t r a t e d i n 
f i g u r e 4.2. The b a s i c i n t e g r a t i n g c i r c u i t , w i t h an o p e r a t i o n a l 
a m p l i f i e r ( r e s i s t o r i n s e r i e s w i t h t h e i n v e r t i n g i n p u t , and 
c a p a c i t o r across t h e feedback loop) can be seen i n t h e c e n t r e of 
t h e p i c t u r e . Also i n s e r i e s w i t h t h e i n p u t was a c a p a c i t o r t o 
p r e v e n t D. C. d r i f t . A s w i t c h was connected across t h e feedback 
c a p a c i t o r t o 'zero' t h e o u t p u t f o r each scan. A v a r i a b l e r e s i s t o r 
was connected across two p i n s on t h e a m p l i f i e r t o vary t h e i n p u t 
b i a s . This a c t e d as an e l e c t r o n i c grey l e v e l . 
An e l e c t r o n i c grey l e v e l was necessary because t h e 
p o s i t i o n o f t h e d e t e c t o r a t t h e s t a r t of t h e scan had an 
i n f l u e n c e on t h e t r a c e which f o l l o w e d . This was because t h e l i g h t 
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i n t e n s i t y a t t h a t p o i n t r e p r e s e n t e d t h e 'zero mark' f o r t h e 
i n t e g r a t o r . I f t h e s t a r t i n g p o i n t was on a dark r e g i o n , t h e r e s t 
o f t h e p i c t u r e would be l i g h t e r , and t h e i n t e g r a t o r would 
c o n t i n u a l l y add. I f t h e s t a r t i n g p o i n t was a b r i g h t r e g i o n t h e 
i n t e g r a t o r would c o n t i n u a l l y s u b t r a c t over t h e darker p a r t s of 
th e p i c t u r e . I t c o u l d be seen from t h i s t h a t t h e i n i t i a l i n p u t 
b i a s t o t h e a m p l i f i e r would have t o be t h e average v a l u e over t h e 
whole p i c t u r e . I n t h i s way t h e o v e r a l l l e v e l would be f l a t . 
T h i s system c o u l d be made t o f u n c t i o n p r o p e r l y on i t s 
own, but f i n e t u n i n g o f t h e grey l e v e l was best achieved 
o p t i c a l l y . T h i s was done by s i m p l y scanning t h e p h o t o c e l l q u i c k l y 
across t h e image s e v e r a l times b e f o r e t a k i n g a r e a d i n g . This 
ensured t h a t t h e c o r r e c t grey l e v e l was achieved every t i m e , and 
c o u l d be done i n a few seconds. 
F i g u r e 4.3 shows an o u t p u t t r a c e from t h e S c h l i e r e n 
system. The i n t e g r a t e d r eadout i s shown below. 
I n t h ese t r a c e s t h e Y a x i s ( h e i g h t ) i s o n l y approximate: 
S c h l i e r e n systems do not g e n e r a l l y l e n d themselves t o 
q u a n t i t a t i v e a n a l y s i s . The s c a l e was d e r i v e d as shown i n f i g u r e 
4.4. The g l a s s mount was placed on two a c c u r a t e l y made 
t r a n s l a t i o n s t a g e s , w i t h micrometer movements marked i n 0.01mm 
i n t e r v a l s . A f l a t m i r r o r was placed i n t h e mount, and another 
m i r r o r was pl a c e d t o one s i d e o f i t . I n t e g r a t e d readouts were 
t a k e n across t h e two m i r r o r s . Between each readout t h e m i r r o r i n 
the g l a s s mount was moved t h r o u g h a s m a l l angle, by t u r n i n g t h e 
micrometer t h r o u g h 0.01mm on one stage. This corresponded t o a 
change i n angle o f 0.0006 degrees o f t h e g l a s s i n t h e mount. I t 
produced a change i n angle o f t h e t r a c e o f 15 degrees. From t h i s 
i t can be shown t h a t a change i n t h e h e i g h t o f t h e t r a c e o f 10mm 
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corresponds a p p r o x i m a t e l y t o a change i n t h e h e i g h t of t h e 
sample o f 0.5pm. C o n s i d e r a b l y more work would be r e q u i r e d t o 
v e r i f y t h i s ; t r a c i n g s u r f a c e s o f known p r o f i l e would be one 
method. 
4.4.b I n t e g r a t i o n by Computer 
I n o r d e r t o v e r i f y t h e r e s u l t s o f t h e t r a c e s shown i n 
f i g u r e 4.3, an a l t e r n a t i v e method o f i n t e g r a t i o n was developed. 
This was done by f e e d i n g t h e data i n t o a computer and w r i t i n g a 
program t o i n t e g r a t e i t . 
The X Y t p l o t t e r o u t p u t from t h e S c h l i e r e n system was 
pl a c e d on an Apple Drawing T a b l e t . This i s an A3 s i z e d pad w i t h 
an e l e c t r o n i c pen; t h e pad senses pressure from t h e pen and 
computes i t s c o o r d i n a t e . This can e a s i l y be done thr o u g h paper. 
The p l o t t e r o u t p u t was t h e r e f o r e t r a c e d on t h e Drawing T a b l e t . 
The program w r i t t e n t o produce t h e i n t e g r a t e d o u t p u t i s 
shown i n t h e appendix. The i n t e g r a t i o n was done by c a l c u l a t i n g 
t h e average y v a l u e , s u b t r a c t i n g t h a t from t h e i n d i v i d u a l y 
v a l u e s , and c a r r y i n g out n u m e r i c a l i n t e g r a t i o n on t h e remaining 
f u n c t i o n . Thus b r i g h t areas, w i t h a h i g h e r than average 
i n t e n s i t y , would produce a r i s i n g t r a c e ; dark areas w i t h a lower 
t h a n average i n t e n s i t y (and t h e r e f o r e w i t h n e g a t i v e values i n the 
new c o o r d i n a t e s ) would produce a f a l l i n g t r a c e . 
F i g u r e 4.5 shows an o u t p u t t r a c e from the S c h l i e r e n 
system, w i t h t h e computed i n t e g r a t i o n shown below. I t was f e l t 
t h a t t h e c o r r e l a t i o n w i t h t h e t r a c e from the e l e c t r o n i c 
i n t e g r a t i o n was e n c o u r a g i n g , and c o n f i d e n c e i n t h e system was 
h i g h . 
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4•5 Summary 
A system was developed, based on t h e S c h l i e r e n method, t o 
measure t h e p r o f i l e o f g l a s s w i t h o u t c o n t a c t i n g i t . 
S ince S c h l i e r e n methods d i s p l a y r a t e s o f change, t h e 
d i r e c t o u t p u t from t h e system was t h e d e r i v a t i v e o f t h e h e i g h t o f 
t h e g l a s s . 
Two independent methods of o b t a i n i n g g l a s s p r o f i l e s by 
i n t e g r a t i n g t h e readout from t h e o p t i c a l system were developed. 
These methods were shown t o be c o n s i s t e n t : t h e system was shown 
t o be capable o f p r o d u c i n g t r a c e s t h a t were t r u e t o t h e shape o f 
t h e g l a s s . 
F u t u r e work would have i n v o l v e d v e r i f i c a t i o n o f t h e 
system s t i l l f u r t h e r by c r e a t i n g s u r f a c e s w i t h known p r o f i l e s . 
The system would t h e n have been c a l i b r a t e d and made ready f o r 
use. 
While a w o r k i n g system had been produced, i t proved t o be 
t i m e consuming i n i t s use, i n t h e c o n t e x t o f u s i n g i t as a 
f a c t o r y s t a n d a r d . The o f f e r o f d e v e l o p i n g t h e i n s t r u m e n t f u r t h e r 
was t h e r e f o r e not t a k e n up by t h e q u a l i t y assurance s t a f f a t the 
f a c t o r y . 
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CHAPTER 5 INFRA - RED SMARTT INTERFEROMETRY 
5.1. I n t r o d u c t i o n 
O p t i c a l i n t e r f e r o m e t r y has been used as a measurement and 
i n s p e c t i o n t o o l i n t h e p r o d u c t i o n o f l e n s e s , prisms and o t h e r 
o p t i c a l components f o r many years. The most common form o f t h i s 
equipment i s two beam i n t e r f e r o m e t r y . A l a r g e number o f such 
i n s t r u m e n t s have been d e s c r i b e d i n t h e l i t e r a t u r e , and indeed 
made use o f , but most are v a r i a n t s o f o n l y a few fu n d a m e n t a l l y 
d i f f e r e n t t y p e s . I n almost a l l cases, t h e l i g h t from a ' p o i n t ' 
source i s f i r s t d i v i d e d i n t o two beams, t o produce a t e s t and a 
r e f e r e n c e beam. These two beams f o l l o w s eparate paths, or a t 
l e a s t have d i f f e r e n t g e o m e t r i e s , such t h a t t h e t e s t beam has 
impressed on i t any phase v a r i a t i o n s caused by t h e system under 
t e s t , w h i l e t h e r e f e r e n c e beam i s u n m o d i f i e d . The i n t e r f e r e n c e 
p a t t e r n shows t h e v a r i a t i o n o f phase d i f f e r e n c e across t he 
a p e r t u r e o f t h e system under t e s t as v a r i a t i o n s of f r i n g e 
p o s i t i o n , i n terms o f t h e wavelength o f l i g h t used. The d i v i d i n g 
process which generates a r e f e r e n c e and a t e s t beam i s u s u a l l y 
accomplished by means o f a p a r t i a l l y r e f l e c t i n g p l a t e , where one 
beam i s r e f l e c t e d and t h e o t h e r t r a n s m i t t e d . 
The i n t e r f e r o m e t e r s d e s c r i b e d above are w e l l understood, 
and v e r s a t i l e . However t h e y s u f f e r from s e v e r a l disadvantages. 
T h e i r d e s i g n means t h a t most o f t h e samples under t e s t have t o be 
s m a l l e r i n a p e r t u r e t h a n t h e i n t e r f e r o m e t e r i t s e l f . The 
i n s t r u m e n t s a r e t h e r e f o r e o f t e n l a r g e , and s i n c e t h e i r o p t i c s 
have t o produce a n e g l i g i b l e phase v a r i a t i o n across t h e e n t i r e 
a p e r t u r e , t h e y are expensive t o produce. Also, s i n c e t he beams 
f o l l o w s e p a r a t e p a t h s , t h e y are prone t o v i b r a t i o n causing 
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independent movement i n t h e two arms. Bulky a n t i - v i b r a t i o n 
mounts ar e r e q u i r e d t o p r e v e n t t h i s . 
W i t h i n t h e P i l k i n g t o n Group, e x p e r i e n c e o f o p t i c a l design 
and c o n s t r u c t i o n i s c o n s i d e r a b l e , both i n t h e v i s i b l e and t h e 
i n f r a - r ed wavelength r e g i o n s . I n t e r f e r o m e t r y i s used f o r t e s t 
and measurement both i n t h e d e s i g n and p r o d u c t i o n stages o f 
systems. I n o r d e r t o m a i n t a i n a c o m p e t i t i v e p l a c e i n t h e market 
f o r i n f r a - r e d systems, o p e r a t i n g i n t h e 7 t o 14 ym wavelength 
r e g i o n , P i l k i n g t o n was amongst t h e f i r s t t o produce a two beam 
i n f r a - r ed i n t e r f e r o m e t e r t h a t would a u t o m a t i c a l l y e v a l u a t e t h e 
i n t e r f e r o g r a m s produced by t h e u n i t s under t e s t , p r o v i d i n g data 
t o t h e r e q u i r e m e n t s o f t h e customers, and p r o d u c i n g i n f o r m a t i o n 
f o r t h e p r o d u c t i o n e n g i n e e r s r e g a r d i n g any f a u l t s i n t h e systems. 
Lenses c o u l d be p r o v i d e d i n t h e knowledge t h a t they were t o 
s p e c i f i c a t i o n b e f o r e b e i n g i n s t a l l e d i n t h e r m a l imaging systems, 
which i n f a c t gave P i l k i n g t o n a d i s t i n c t advantage over i t s 
c o m p e t i t o r s . However t h i s a u t o m a t i c i n t e r f e r o m e t e r s u f f e r e d from 
t h e same problems as d e s c r i b e d f o r t h e two beam systems mentioned 
above, namely s i z e , c o s t and p o r t a b i l i t y . 
There was a need t o f i n d an a l t e r n a t i v e form of 
i n t e r f e r o m e t e r t o t h a t used i n t h e f i r s t i n s t r u m e n t , which was 
s m a l l e r , cheaper and more p o r t a b l e . Several o f these c o u l d then 
be produced and used t h r o u g h o u t t h e P i l k i n g t o n Group. 
5.2 Proposal 
One i n s t r u m e n t which s o l v e s some o f these problems i s t h e 
P o i n t D i f f r a c t i o n I n t e r f e r o m e t e r (Sraartt & S t e e l - r e f . 5.1). The 
p r i n c i p l e o f o p e r a t i o n o f t h e PDI i s . i l l u s t r a t e d i n f i g u r e 5.1. 
I t s o p e r a t i o n i s c l o s e l y r e l a t e d t o a fundamental p r i n c i p l e of 
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p h y s i c a l o p t i c s : when a beam o f l i g h t i s i n t e r r u p t e d by any 
o b j e c t i n i t s p a t h , p a r t o f t h e l i g h t i s d i f f r a c t e d . I f t h e 
o b j e c t approximates t o a p o i n t , t h e d i f f r a c t e d l i g h t forms a 
s p h e r i c a l wave. I n t h e PDI, t h e r e i s an ext r e m e l y s m a l l , 
p r e c i s e l y c i r c u l a r a p e r t u r e i n an evaporated t h i n f i l m on a 
r i g o r o u s l y non - s c a t t e r i n g s u b s t r a t e . The t h i n f i l m i s p a r t l y 
t r a n s p a r e n t . The a p e r t u r e i s p o s i t i o n e d c l o s e t o t h e image formed 
by t h e system under t e s t . The d i r e c t w a v e f r o n t i s t r a n s m i t t e d by 
t h e t h i n f i l m w i t h reduced a m p l i t u d e , but i s o t h e r w i s e unchanged. 
Some o f t h e l i g h t i s d i f f r a c t e d by t h e a p e r t u r e t o form t he 
s p h e r i c a l r e f e r e n c e w a v e f r o n t , and i n t e r f e r e n c e between t h e two 
wa v e f r e n t s occurs i n t h e common r e g i o n . 
By i t s v e r y n a t u r e t h e PDI so l v e s many o f t h e problems of 
c o n v e n t i o n a l two beam i n t e r f e r o m e t e r s . I t i s s m a l l . I n the 
v i s i b l e wavelength v e r s i o n , t h e c i r c u l a r d i f f r a c t i n g a p e r t u r e i s 
a p p r o x i m a t e l y Sum; t h e s u b s t r a t e a p e r t u r e i s 0.8mm. One u n i t 
a v a i l a b l e on t h e market, which has t h r e e degrees of t r a n s l a t i o n a l 
freedom ( t o p o s i t i o n t h e a p e r t u r e a t t h e focus o f the system 
under t e s t , b o t h l a t e r a l l y and l o n g i t u d i n a l l y ) , stands l i t t l e 
more t h a n 200mm h i g h and ISOram wide. I t i s i n e x p e n s i v e - pro v i d e d 
t h e system t o be t e s t e d has a f o c a l plane, no e x t r a h i g h q u a l i t y 
o p t i c s a r e r e q u i r e d . As i t i s a common path i n s t r u m e n t , both t h e 
r e f e r e n c e and t h e t e s t beam f o l l o w t h e same pat h i n space, making 
t h e u n i t r e l a t i v e l y i n s e n s i t i v e t o v i b r a t i o n and a i r t u r b u l e n c e 
i n t h e i n t e r f e r o m e t e r i t s e l f . 
I t c o u l d be seen t h a t an i n f r a - red PDI c o u l d 
p o t e n t i a l l y s o l v e many o f t h e problems a s s o c i a t e d w i t h the 
o r i g i n a l a u t o m a t i c i n f r a - r e d two beam i n t e r f e r o m e t e r made a t 
P i l k i n g t o n . I t was c o n s i d e r e d a v a l u a b l e e x e r c i s e t o b u i l d such 
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an i n s t r u m e n t , analyse i t s p r o p e r t i e s , and examine i t s 
s u i t a b i l i t y , i f any, f o r use i n an au t o m a t i c i n t e r f e r o m e t e r . 
5.3 I n i t i a l Work 
I n a PDI, t h e p l a t e w i t h t h e a p e r t u r e i s c a l l e d a Smartt 
P l a t e . The p l a t e was made u s i n g a germanium d i s c . P i l k i n g t o n 
have a c o n s i d e r a b l e amount o f exp e r i e n c e i n t h e p r o d u c t i o n and 
use o f c r y s t a l l i n e germanium f o r o p t i c s i n t h e f a r i n f r a - red 
r e g i o n o f t h e spectrum (7 t o 14jjm) . The p r o p e r t i e s o f t h e 
m a t e r i a l a r e f a v o u r a b l e compared t o o t h e r s which t r a n s m i t i n t h i s 
r e g i o n ; i t i s e a s i l y worked, i s r e l a t i v e l y non - t o x i c , and has 
good w e a t h e r i n g c h a r a c t e r i s t i c s (see s e c t i o n 2.3.4.a). This then 
was an obvious c h o i c e f o r t h e s u b s t r a t e . The d i s c was coated w i t h 
a t h i n m e t a l l i c f i l m t o reduce t h e l i g h t t r a n s m i s s i o n t o a 
s i m i l a r amount t o t h a t used i n t h e v i s i b l e v e r s i o n . The c i r c u l a r 
'hole' c o u l d be produced by p l a c i n g g l a s s beads on t h e d i s c s 
b e f o r e c o a t i n g , l e a v i n g an uncoated shadow under each bead. 
V a r i o u s t e c h n i q u e s were i n v e s t i g a t e d f o r c o a t i n g t h e 
s u b s t r a t e s , and removing t h e beads a f t e r c o a t i n g . The best 
approach t r i e d i s d e s c r i b e d below. 
Beads were pla c e d on a p o l i s h e d germanium d i s c , which was 
coated w i t h aluminium i n an e v a p o r a t i o n c o a t e r . Since t h i s method 
o f c o a t i n g i s d i r e c t i o n a l , w i t h t h e va p o u r i s e d metal t r a v e l l i n g 
s t r a i g h t from t h e source t o t h e s u b s t r a t e , any o b s t r u c t i o n s 
between t h e two w i l l produce shadows. This i s p r e f e r a b l e t o o t h e r 
c o a t i n g t e c h n i q u e s such as s p u t t e r i n g , i n which t h e c o a t i n g 
m a t e r i a l i n t e r a c t s w i t h t h e s u b s t r a t e over a wide s o l i d angle. I t 
was found t h a t t h e best method o f removing t h e beads was simp l y 
t o brush them o f f w i t h a camel h a i r brush; t h e aluminium c o a t i n g 
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was tough enough to withstand t h i s treatment. This was found to 
be b e t t e r t h a t non - contact techniques such as u l t r a s o n i c 
c l e a n i n g , which often l e f t beads, or broken parts of them, on the 
s u r f a c e . The s u r f a c e of the germanium d i s c s were examined by 
microscope, and i t was found that the technique described above 
could r e l i a b l y produce apertures i n the aluminium coating. 
I t was considered that an i n f r a - red Smartt P l a t e could 
be made provided the t r a n s m i s s i o n c o e f f i c i e n t of the coating, and 
the hole s i z e , could be matched and optimised. 
5.4 Optimising The B a s i c Technique 
In the work which followed, the various f a c t o r s a f f e c t i n g 
the performance of the p l a t e were studied i n order to determine 
the most appropriate technique for producing the Smartt p l a t e . 
5.4.a Aperture S i z e 
I t i s p o s s i b l e to p r e d i c t the optimum hole s i z e for a 
Sraartt P l a t e . For Fraunhofer d i f f r a c t i o n the image of a point 
source produced by a l e n s i s an A i r y d i s c surrounded by (much 
f a i n t e r ) r i n g s . For a Smartt P l a t e to work properly, the c i r c u l a r 
aperture must be positioned w i t h i n t h i s A i r y d i s c to ensure a 
uniform source fo r the d i f f r a c t e d reference wave. The radius of 
the A i r y d i s c i s given approximately by: 
R = \ 1.22 (f/D) 
where f = f o c a l length of lens 
D = Diameter of lens 
\ = Wavelength of r a d i a t i o n used 
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I n t h e p r e s e n t case, t h e l e n s i n use had an f/D r a t i o 
o f 1.3, and t h e wavelength o f l i g h t b e ing used was 10.6pm. This 
meant t h a t t h e diameter o f t h e A i r y d i s c would be 
R = 30 _pm 
Beads ha v i n g a range of s i z e s c e n t r e d on 30um would 
t h e r e f o r e be used. A measuring g r a t i c u l e , f o r use w i t h an o p t i c a l 
microscope, which had l i n e s a t i n t e r v a l s of lOum was used t o 
s e l e c t beads o f a p p r o p r i a t e s i z e . 
5.4.b S u b s t r a t e s 
I t was found t h a t s u b s t r a t e p r e p a r a t i o n was as i m p o r t a n t 
an aspect as any. F i r s t l y , t h e d i s c s had t o be a n t i - r e f l e c t i o n 
coated on b o t h s i d e s . T h i s not o n l y improved t h e t r a n s m i s s i o n 
c h a r a c t e r i s t i c s of t h e p l a t e , but s i n c e t h e l i g h t source used was 
a carbon d i o x i d e l a s e r , uncoated samples produced unwanted 
f r i n g e s from t h e f r o n t and back s u r f a c e s . The r e f r a c t i v e index of 
germanium a t 10.6um i s 4.0. The r e f l e c t i o n c o e f f i c i e n t a t a 
germanium / a i r i n t e r f a c e , g i v e n by 
( n - l ) 2 / ( n + l ) 2 
where n i s t h e r e f r a c t i v e index, i s 36%. This shows why 
t h e i n t e r e f e r e n c e f r i n g e s between t h e faces of an uncoated d i s c 
would be u n a c c e p t a b l e . 
Secondly, i n t h e l i t e r a t u r e d e s c r i b i n g v i s i b l e wavelength 
v e r s i o n s o f t h e P o i n t D i f f r a c t i o n I n t e r f e r o m e t e r ( 5 . 1 ) , t h e 
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Smartt P l a t e was r e f e r r e d t o as ' r i g o r o u s l y non - s c a t t e r i n g ' . 
T his proved t o be e s s e n t i a l . I n f a c t , i n t h e absence of c l e a n 
room f a c i l i t i e s i t became necessary t o produce a marking system, 
i n which t h e prepared p l a t e s were s t u d i e d under a microscope. A 
map was drawn o f t h e p o s i t i o n s o f t h e a p e r t u r e s and the unwanted 
items such as d i r t o r s u r f a c e blemishes, l i k e l y t o produce 
f r i n g e s , r e l a t i v e t o a s i m p l e system o f l e t r a s e t markings on t h e 
s u r f a c e . I n t h i s way i t was p o s s i b l e t o p r e v e n t c o n f u s i o n between 
v a r i o u s s e t s o f f r i n g e s produced when t h e p l a t e s were under t e s t . 
5.4.C T r a n s m i s s i o n C o e f f i c i e n t 
I n i t i a l work i n v o l v e d d e t e r m i n i n g t h e optimum 
t r a n s m i s s i o n c o e f f i c i e n t e m p i r i c a l l y . I n t h i s way t h e f i r s t 
w o r k i n g p l a t e t h a t was made had a t r a n s m i s s i o n c o e f f i c i e n t of 
0.02. T h i s i s c l o s e t o t h e optimum range quoted by Smartt o f 0.01 
t o 0.005, t o produce t h e g r e a t e s t amount of f r i n g e c o n t r a s t . 
P l a t e s were t h e r e f o r e prepared w i t h t r a n s m i s s i o n c o e f f i c i e n t s of 
a p p r o x i m a t e l y these v a l u e s . 
5.4.d I n p u t Power 
I t was found t h a t t h e r e was a l i m i t t o t h e i n p u t power of 
t h e beam, above which i r r e v e r s i b l e damage t o t h e c o a t i n g occurred 
due t o l o c a l h e a t i n g . This d i s c o v e r y was made s i m u l t a n e o u s l y w i t h 
t h a t o f t h e f i r s t w o r k i n g p l a t e . The a p e r t u r e of t h e p l a t e was 
p l a c e d a p p r o x i m a t e l y a t t h e focus o f t h e system under t e s t . 
L o n g i t u d i n a l d i s p l a c e m e n t of t h e a p e r t u r e from the focus would 
r e s u l t i n t h e i n t e r e f e r e n c e o f two ( n o m i n a l l y ) s p h e r i c a l waves of 
d i f f e r e n t r a d i i o f c u r v a t u r e . This would produce c i r c u l a r 
f r i n g e s . L a t e r a l d i s p l a c e m e n t o f t h e a p e r t u r e from t h e focus 
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would produce i n t e r f e r e n c e between two ( n o m i n a l l y ) s p h e r i c a l 
waves o f t h e same r a d i u s o f c u r v a t u r e but w i t h t h e i r c e n t r e s 
d i s p l a c e d . T h i s would r e s u l t i n s t r a i g h t l i n e f r i n g e s . The 
behaviour o f t h e f r i n g e s can t h e r e f o r e be used t o "home i n " on 
t h e focus o f t h e system under t e s t , a t which t h e i n t e n s i t y of the 
r a d i a t i o n i s a t i t s maximum. This i n t e n s i t y was e s t i m a t e d t o be 
a p p r o x i m a t e l y 150W / mm= . As t h e focus o f t h e system was 
l o c a t e d , t h e a p e r t u r e was d e s t r o y e d by t h e l o c a l h e a t i n g . This 
came about because a carbon d i o x i d e l a s e r was used as t h e source 
o f r a d i a t i o n , and i t i s d i f f i c u l t t o produce l a s e r a c t i o n a t 
powers o f l e s s t h a n a few w a t t s . Carbon d i o x i d e l a s e r s are 
di s c u s s e d i n s e c t i o n 2.2.2d. 
A power d e n s i t y o f a p p r o x i m a t e l y 15W / mm^  was found t o 
be s a f e f o r use on t h e aluminium c o a t i n g s . 
5.5 Using The Smartt P l a t e 
I t was found t h a t Smartt p l a t e s c o u l d be s u c c e s s f u l l y 
produced, p r o v i d e d t h a t t h e r e s t r i c t i o n s d e s c r i b e d above were 
adhered t o . P l a t e 5.1 i s a photograph o f one o f t h e a p e r t u r e s 
which was found t o work, taken u s i n g an o p t i c a l microscope. 
P l a t e 5.2 i l l u s t r a t e s t h e t y p e o f i n t e r f e r o g r a m s produced by t h e 
Smartt p l a t e s , u s i n g 10.Sum r a d i a t i o n . The p l a t e t r a n s m i s s i o n was 
0. 02. 
The reason f o r b u i l d i n g t h e Smartt P l a t e was t o produce a 
p o r t a b l e v e r s i o n o f t h e P i l k i n g t o n i n f r a - red i n t e r f e r o m e t e r , as 
di s c u s s e d i n s e c t i o n 5.1. Consequently t h e d e t e c t i o n equipment 
a l r e a d y i n use i n t h e i n t e r f e r o m e t e r was used t o analyse t h e 
s i g n a l s t r e n g t h and c o n t r a s t o f t h e f r i n g e s b eing produced by t h e 
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s e c t i o n 2.4.3.f) was c o o l e d w i t h l i q u i d n i t r o g e n . The beam was 
scanned by two o r t h o g o n a l l y mounted scanning galvanometers. 
While u s i n g these d i s c s i t became e v i d e n t t h a t t h e 
c o n t r a s t o f t h e f r i n g e s was a f u n c t i o n of t h e l a t e r a l and 
l o n g i t u d i n a l d i s p l a c e m e n t of t h e d i f f r a c t i n g a p e r t u r e from t h e 
focus o f t h e system under t e s t . The reason f o r t h i s i s e x p l a i n e d 
i n s e c t i o n 5.6, page 5.10. However t h e v a r i a t i o n i n s i g n a l 
s t r e n g t h and c o n t r a s t across t h e a p e r t u r e caused severe 
d i f f i c u l t i e s i n o p t i m i s i n g v i e w i n g c o n d i t i o n s f o r t h e whole 
i n t e r f e r o g r a m . D i s p l a y i n g t h e scanned s i g n a l u s i n g a s t o r a g e 
o s c i l l o s c o p e was known t o be p e r f e c t l y adequate f o r t h e two beam 
i n t e r f e r o m e t e r a l r e a d y i n use. U n f o r t u n a t e l y i t was c l e a r t h a t 
t h e PDI was nowhere near as ' w e l l behaved'. Only s m a l l r e g i o n s of 
t h e i n t e r f e r o g r a m c o u l d be viewed a t any one t i m e . 
I t can be seen from f i g u r e 5.2 t h a t t h e a p e r t u r e s were 
not p e r f e c t l y c i r c u l a r , and t h a t t h e s u r r o u n d i n g c o a t i n g was not 
p e r f e c t l y c l e a n . From t h i s p o i n t o f view i t c o u l d be argued t h a t 
t h e i n t e r f e r o g r a m s c o u l d have been improved u s i n g more c a r e f u l l y 
p repared p l a t e s . However t h e r e was y e t another problem which l e d 
f i n a l l y t o t h e work b e i n g abandoned. 
The a u t o m a t i c i n t e r f e r o m e t e r a t P i l k i n g t o n analyses the 
i n t e n s i t y d i s t r i b u t i o n o f t h e f r i n g e s , and p l o t s out a map of t h e 
phase v a r i a t i o n across t h e a p e r t u r e by d e t e r m i n i n g t h e p o s i t i o n s 
o f t h e maxima and minima o f each f r i n g e . For t h i s t e c h n i q u e t o 
produce s u f f i c i e n t d a t a , f i f t e e n t o twenty f r i n g e s are r e q u i r e d 
across t h e a p e r t u r e . 
I t was found t h a t i n o r d e r t o produce t h i s l a r g e number 
of t i l t f r i n g e s , t h e l a t e r a l displacement of t h e a p e r t u r e from 
t h e focus reduced t h e i n t e n s i t y of t h e r e f e r e n c e beam t o such an 
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e x t e n t t h a t t h e f r i n g e s c o u l d not be seen. Alth o u g h t h e i n t e n s i t y 
o f t h e r e f e r e n c e beam c o u l d have been improved by i n c r e a s i n g t h e 
t r a n s m i s s i o n o f t h e p l a t e , t h i s would have r e s u l t e d i n a 
r e d u c t i o n i n f r i n g e c o n t r a s t , which was t o o low f o r our d e t e c t i o n 
equipment even f o r t h e p r e s e n t l e v e l o f t r a n s m i s s i o n . 
I t was t h e r e f o r e decided t h a t Smartt i n t e r f e r o m e t r y was 
not a s u i t a b l e b a s i s f o r making a compact v e r s i o n o f t h e 
P i l k i n g t o n i n f r a - r e d i n t e r f e r o m e t e r , and work on t h i s p r o j e c t 
was stopped. 
5.6 C r i t i q u e 
I n o r d e r t o understand why t h e i n f r a - red PDI was not 
s u i t a b l e f o r t h e i n t e n d e d uses w i t h i n P i l k i n g t o n , i t i s necessary 
t o l o o k a t t h e n a t u r e o f i t s o p e r a t i o n more c l o s e l y . 
By d e f i n i t i o n , i n t e r f e r o m e t r y i n v o l v e s i n t e r f e r e n c e 
between two beams, one u s u a l l y a r e f e r e n c e , t h e o t h e r t h e t e s t or 
sample beam. I t i s d e s i r a b l e t o produce i n t e r f e r e n c e f r i n g e s 
which are c l e a r and o f h i g h c o n t r a s t . C o n t r a s t , or f r i n g e 
v i s i b i l t y , i s g i v e n by 
Iraax - Irain / Imax + Im i n 
and t h i s i s o b v i o u s l y a t i t s maximum when Imin = 0. This 
occurs when t h e two i n t e r f e r i n g beams are of equal i n t e n s i t y and 
f u l l y c o h e r e n t . 
I n t h e p r o d u c t i o n o f a PDI t h e n , i t i s c l e a r t h a t t h e 
de s i g n s h o u l d t a k e i n t o account t h e r e l a t i v e i n t e n s i t i e s o f the 
two beams. However t h i s i s not a si m p l e m a t t e r (see f i g u r e 5.3). 
The i n t e n s i t y o f t h e t r a n s m i t t e d beam c o n t a i n i n g the 
FIGURE 5.3 
INTENSITIES OF TEST BEAM AND DIFFRACTED BEAM 
A m p l i t u d e o f Test 
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A x i s o f 
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Axi s o f D i f f r a c t e d 
Reference Beam 
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i n f o r m a t i o n about t h e system under t e s t i s g i v e n by i t s o r i g i n a l 
i n t e n s i t y reduced by t h e t r a n s m i s s i o n c o e f f i c i e n t of t h e c o a t i n g 
on t h e p l a t e . 
However t h e i n t e n s i t y o f t h e r e f e r e n c e beam i s 
dependent on t h e i n t e n s i t y o f t h e beam i m p i n g i n g on t h e 
d i f f r a c t i n g a p e r t u r e . This i s a f u n c t i o n o f t h e p o s i t i o n of t h e 
focus o f t h e t e s t system r e l a t i v e t o t h e a p e r t u r e . I t i s a t i t s 
maximum when t h e best focus o f t h e t e s t system i s i n c i d e n t on the 
a p e r t u r e . I f t h e focus i s l o n g i t u d i n a l l y d i s p l a c e d from the 
a p e r t u r e , t h e beam i n c i d e n t on t h e a p e r t u r e w i l l b l u r o u t , 
r e d u c i n g t h e i n t e n s i t y a v a i l a b l e f o r d i f f r a c t i o n . I f t h e focus i s 
l a t e r a l l y d i s p l a c e d , t h e i n t e n s i t y i n c i d e n t on t h e a p e r t u r e w i l l 
be non - u n i f o r m as t h e (gaussian) p r o f i l e moves across i t , and 
w i l l e v e n t u a l l y d i s a p p e a r . Moreover, t h e a c t u a l i n t e n s i t y 
d i s t r i b u t i o n across t h e a p e r t u r e i s dependent on t h e focus 
produced by t h e system under t e s t , and as such i s u n p r e d i c t a b l e . 
Only v e r y w e l l behaved systems w i l l produce a p r e d i c t a b l e focus. 
I t was found t h a t these r e s t r i c t i o n s were too g r e a t f o r 
t h e use t h a t P i l k i n g t o n had f o r an i n f r a - red PDI. However, i t 
i s c l e a r t h a t i t can be used t o t e s t systems t h a t are known t o be 
w e l l behaved. 
5•7 Summary 
I t was shown t h a t a P o i n t D i f f r a c t i o n I n t e r f e r o m e t e r 
c o u l d be made f o r r a d i a t i o n of wavelength 10.6um. 
Thi s was done u s i n g a n t i - r e f l e c t i o n coated germanium 
d i s c s as s u b s t r a t e s , p l a c i n g g l a s s beads o f a p p r o x i m a t e l y 30um 
dia m e t e r on t h e s u r f a c e , and c o a t i n g t h e s u b s t r a t e by e v a p o r a t i o n 
w i t h aluminium, t o produce a t r a n s m i s s i o n c o e f f i c i e n t of 
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a p p r o x i m a t e l y 0.02. 
As d e s c r i b e d i n t h e l i t e r a t u r e f o r t h e p r o d u c t i o n o f 
v i s i b l e wavelength v e r s i o n s , t h e s u b s t r a t e s o f such d i s c s needed 
t o be r i g o r o u s l y non - s c a t t e r i n g . 
When p l a t e s prepared as d e s c r i b e d were placed w i t h t he 
d i f f r a c t i n g a p e r t u r e s near t h e focus o f a germanium l e n s o f f/no. 
1.3, i n t e r f e r e n c e f r i n g e s c o u l d be seen between t h e s p h e r i c a l 
d i f f r a c t e d beam produced by t h e a p e r t u r e , and t h e i n c i d e n t beam 
from t h e l e n s . 
However, t h e i n t e n s i t y and c o n t r a s t o f t h e i n t e r f e r o g r a m s 
v a r i e d c o n s i d e r a b l y across t h e a p e r t u r e . This was an i n t r i n s i c 
d i s a d v a n t a g e o f p o i n t d i f f r a c t i o n i n t e r f e r o m e t r y , and i t s e x t e n t 
seen i n t h e v e r s i o n s made i n t h i s work meant t h a t t h e te c h n i q u e 
was c o n s i d e r e d u n s u i t a b l e f o r a u t o m a t i c f r i n g e a n a l y s i s . 
As such t h e t e c h n i q u e has not y e t found a use w i t h i n 
P i l k i n g t o n . 
6.1 
CHAPTER 6 OTHER APPLICATIONS OF OPTICS 
6.1 I n t r o d u c t i o n 
This c h a p t e r d e s c r i b e s t h e way i n which a number of 
problems t y p i c a l o f t h e g l a s s i n d u s t r y have been t a c k l e d u s i n g 
g e o m e t r i c a l and p h y s i c a l o p t i c s . 
6.2 Measuring the Curvature of Lens Surfaces 
One p a r t o f t h e P i l k i n g t o n Group, SOLA, produces p l a s t i c 
s p e c t a c l e l e n s e s . These lenses are made by f i l l i n g g l a s s moulds 
w i t h t h e p l a s t i c , and the n c u r i n g them i n an oven. Once cured, 
t h e p l a s t i c i s removed from t h e mould, and placed i n boxes 
a c c o r d i n g t o t h e i r s t y l e , s i z e and c u r v a t u r e . Only t h e c u r v a t u r e 
o f t h e t o p s u r f a c e i s s p e c i f i e d , and back s u r f a c e s are produced 
i n a l i m i t e d range o f c u r v a t u r e s . This i s because t h e back 
s u r f a c e i s worked i n t h e p r e s c r i p t i o n house t o t h e exact 
r e q u i r e m e n t o f t h e customer, i n terms o f le n s power and any wedge 
or c y l i n d e r which may have t o be i n c o r p o r a t e d . I n t h e f a c t o r y , a 
number o f employees manually remove t h e newly cured lenses from 
t h e i r moulds, and put them i n t h e a p p r o p r i a t e boxes. This system 
i s prone t o e r r o r s however, and i f t h e p r e s c r i p t i o n house 
produces a l e n s w i t h t h e u n d e r s t a n d i n g t h a t t h e f r o n t s u r f a c e has 
a c u r v a t u r e o f say 2 d i o p t e r s when i t i s i n f a c t 3, an expensive 
m i s t a k e w i l l have been made. (The term d i o p t e r (D) i s r e l a t e d t o 
t h e f o c a l ( f ) l e n g t h o f a le n s or s u r f a c e b y D = ( n - l ) / f , 
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where n = t h e r e f r a c t i v e index o f t h e l e n s . ) 
As a r e s u l t o f t h i s , we were asked t o produce a system 
which c o u l d a u t o m a t i c a l l y measure t h e c u r v a t u r e of t h e lens 
s u r f a c e s . I t was t h o u g h t t h a t t h e measurement co u l d have been 
t r a n s f e r r e d onto a l a b e l f o r t h e box t h a t t h e lens was 
( a u t o m a t i c a l l y ) put i n t o , t h e r e b y e l i m i n a t i n g human e r r o r . The 
t i m e s c a l e f o r these measurements was t o be around one second. 
The r e s o l u t i o n o f measurement necessary was b e t t e r than one 
q u a r t e r o f one d i o p t e r , s i n c e t h e lenses were produced i n 
c u r v a t u r e s o f q u a r t e r d i o p t e r s t e p s . 
The system t h a t was used i s i l l u s t r a t e d i n f i g u r e 6.1. 
L i g h t from a b r i g h t source (such as a l a s e r or a q u a r t z halogen 
b u l b ) was expanded and c o l l i m a t e d . The beam was then passed 
t h r o u g h a coarse g r a t i n g . The r e s u l t a n t r e c t a n g u l a r beams of 
l i g h t were d e f l e c t e d onto t h e l e n s s u r f a c e a t a p r o x i m a t e l y 45 
degrees t o t h e o p t i c a l a x i s o f t h e l e n s , as shown. The lens 
i t s e l f was pr e s e n t e d t o a rubber '0' r i n g , making t h e o r i e n t a t i o n 
o f t h e t o p s u r f a c e r e p e a t a b l e . The s e r i e s o f l i g h t beams were 
r e f l e c t e d from t h e l e n s s u r f a c e s . Unwanted r e f l e c t i o n s from t he 
back s u r f a c e o f t h e l e n s were blocked o f f by a s m a l l mask i n t h e 
'0' r i n g . The r e f l e c t e d beams from t h e f r o n t s u r f a c e were then 
used t o c a l c u l a t e i t s c u r v a t u r e . I f t h e s u r f a c e s were convex, t h e 
beams were found t o d i v e r g e . The more convex t h e s u r f a c e was, the 
more t h e beams d i v e r g e d . T h e r e f o r e t h e s e p a r a t i o n o f t h e beams a t 
a known d i s t a n c e from t h e l e n s was an i n d i c a t i o n of i t s 
c u r v a t u r e . The l i g h t from t h e beams was c o l l e c t e d from one plane 
i n space. A s m a l l e l e c t r o n i c camera was focussed onto t h a t plane 
i n space. The r e s u l t a n t measurement, o f t h e beam s e p a r a t i o n was 
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I t can be seen from f i g u r e 6.1 t h a t t h e beams, having 
been a l l o w e d t o d i v e r g e from t h e l e n s s u r f a c e , were then 
converged t h r o u g h t h e camera l e n s and onto t h e d e t e c t o r . This 
does not s p o i l t h e s p a t i a l i n f o r m a t i o n generated by t h e system. 
The r e s u l t i s t h e same as i f t h e beams were d e f l e c t e d onto a 
screen, and t h e screen focussed on by t h e e l e c t r o n i c camera. 
However t h i s would be v e r y much l e s s e f f i c i e n t i n terms o f l i g h t 
c o l l e c t i o n . The c o l l e c t i n g l e n s i n t h i s system i s known as a 
f i e l d l e n s . I t s e f f e c t on t h e s p a t i a l i n f o r m a t i o n i n t h e o b j e c t 
i s t h e same as t h a t produced by l o o k i n g t h r o u g h a window. However 
a l l t h e a v a i l a b l e l i g h t i s d i r e c t e d onto t h e d e t e c t o r . The 
measurement can t h e r e f o r e be made r e l a t i v e l y q u i c k l y . 
The image o f t h e s e r i e s o f l i g h t beams was d i s p l a y e d on a 
VDU u s i n g a BBC microcomputer. An example o f t h i s can be seen i n 
f i g u r e 6.2. The l a r g e b l a c k bars a r e t h e l i g h t beams d e t e c t e d by 
t h e camera. The two s m a l l h o r i z o n t a l l i n e s a t e i t h e r s i d e of t h e 
p i c t u r e mark t h e l i n e a l o n g which t h e image a n a l y s i s was 
un d e r t a k e n . The computer analysed t h e a c t u a l screen image. The 
b e g i n n i n g and end o f each bar was found, and t h e middle 
c a l c u l a t e d . Account had t o be taken o f n o i s e i n t h e image; a bar 
was o n l y c o n s i d e r e d t o b e g i n when a minimum number of ad j a c e n t 
p i x e l s r e g i s t e r e d t h e presence o f l i g h t . S i m i l a r l y , a bar was 
o n l y c o n s i d e r e d t o end when a minimum number o f c o n s e c u t i v e 
p i x e l s r e g i s t e r e d t h e absence o f l i g h t . Care had t o be taken i n 
s e t t i n g t h e i n t e g r a t i o n t i m e o f t h e camera, because h i g h e r 
c u r v a t u r e l e n s e s d i v e r g e d t h e beams t o a g r e a t e r e x t e n t , and so 
reduced t h e i r i n t e n s i t y . I t was found t h a t t h e range from 0.25 
d i o p t e r s t o 13 d i o p t e r s c o u l d be c a t e r e d f o r w i t h one i n t e g r a t i o n 
s e t t i n g . The s m a l l v e r t i c a l l i n e s above t h e bars i n d i c a t e where 
FIGURE 6.2 
COMPUTER OUTPUT OF CURVATURE MEASURING INSTRUMENT 
THIS I S R LENS OF 3.59 DIOPTERS < E r r o r = 8.83 DIOPTERS) H i t a key t o c o n t i n u e 
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t h e computer had e s t i m a t e d t h e b e g i n n i n g , middle and end of each 
bar t o be. The average s p a c i n g between t h e bars was c a l c u l a t e d i n 
terms o f p i x e l s , and c o n v e r t e d i n t o d i o p t e r s . Since i t was known 
t h a t t h e s u r f a c e s were i n t e n d e d t o f a l l i n t o a cat e g o r y , t o t h e 
n e a r e s t 0.25 d i o p t e r s , t h i s c a t e g o r y was d i s p l a y e d on t h e screen, 
and t h e d i f f e r e n c e between t h e v a l u e o f t h e cat e g o r y and t h e 
a c t u a l measurement was i n d i c a t e d as an e r r o r v a l u e . The program 
was w r i t t e n i n b a s i c , and each measurement co u l d be made i n about 
f i v e seconds. This would have been v e r y much f a s t e r i f w r i t t e n i n 
assembly language, and would have f a l l e n w i t h i n t h e one second 
t i m e s c a l e r e q u i r e d . 
The i n s t r u m e n t was c a l i b r a t e d u s i n g a l a r g e number of 
measurements from marked lenses. This c a l i b r a t i o n i s shown i n 
f i g u r e 6.3. 
This system s o l v e d t h e problem adequately. Quarter 
d i o p t e r s t e p s c o u l d be r e s o l v e d , and measurements made 
( p o t e n t i a l l y ) w i t h i n one second. 
This p a r t i c u l a r v e r s i o n was not used t o measure concave 
s u r f a c e s . T h i s would have i n v o l v e d some m o d i f i c a t i o n s . The beams 
would have been p r o j e c t e d onto t h e lenses i n such a f a s h i o n t h a t 
concave s u r f a c e s would converge t h e beams t h r o u g h a focus before 
r e a c h i n g t h e measurement plane. Some form o f assymmetry across 
t h e number o f beams would then have been i n t r o d u c e d i n order t o 
d i s t i n g u i s h between convex and concave s u r f a c e s . 
T h i s i n s t r u m e n t was demonstrated t o t h e management of t h e 
SOLA group, who agreed t h a t i t d i d indeed meet t h e s p e c i f i c a t i o n s 
r e q u i r e d o f i t . However, having seen t h a t t h i s f i r s t request was 
s u c c e s s f u l l y c a r r i e d o u t , d i s c u s s i o n s began on an i n s t r u m e n t t h a t 
c o u l d do more t h a n s i m p l y d i s t i n g u i s h between c u r v a t u r e groups, 
CO 


























but c o u l d produce h i g h accuracy measurements a t speed. The 
accuracy r e q u i r e d was +/- 0.01 d i o p t e r s . This was f o r t h e new 
ranges of s p e c t a c l e s soon t o be produced, w i t h more than simple 
s p h e r i c a l shapes on them. I t was a l s o t o check t h e accuracy o f 
t h e mould manufacture. 
The i n s t r u m e n t j u s t d e s c r i b e d used an e l e c t r o n i c camera 
w i t h a r e s o l u t i o n o f 256 p i x e l s . This was j u s t good enough t o 
c a r r y out t h e measurement t a s k between +13 d i o p t e r s t o -13 
d i o p t e r s ; a t o t a l o f 104 d i f f e r e n t c u r v a t u r e s . however, t o 
measure t o 0.01 d i o p t e r s over a 26 d i o p t e r range r e q u i r e d a 
r e s o l u t i o n g r e a t e r t h a n 2600 t o 1. A new system was necessary t o 
c a r r y out t h i s more demanding t a s k . An i n s t r u m e n t b u i l t t o meet 
t h i s s p e c i f i c a t i o n has j u s t been d e l i v e r e d . 
6.3 Detecting Mire i n Wired G l a s s 
At P i l k i n g t o n , w i r e d g l a s s , such as i s used i n f i r e doors 
or i n s c h o o l s where s a f e t y i s a concern, i s produced by the 
r o l l e d p l a t e method. Molten g l a s s i s drawn from two furnaces by 
r o l l e r s , and.a w i r e mesh i s sandwiched between t h e two r i b b o n s . 
T i g h t c o n t r o l i s r e q u i r e d on t h e p o s i t i o n i n g o f the w i r e mesh 
r e l a t i v e t o t h e g l a s s . I t i s d e s i r a b l e t o keep t h e mesh as 
c e n t r a l as p o s s i b l e , s i n c e g l a s s a t t h e edges of a continuous 
r i b b o n i s always o f poorer q u a l i t y t h a n t h a t a t t h e c e n t r e . At 
t h e warehousing end of t h e f a c t o r y t h e edges of t h e r i b b o n are 
c u t o f f ( t h e s m a l l r e g i o n a t e i t h e r s i d e c o n t a i n i n g no w i r e mesh 
i s known as t h e s e l v e d g e ) . This i s done by c o n t i n u o u s l y s c o r i n g a 
l i n e on t h e r i b b o n some d i s t a n c e from t h e edge o f g l a s s , c u t t i n g 
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across t h e w i d t h o f t h e r i b b o n t o le a v e i t i n predetermined 
l e n g t h s , and kn o c k i n g t h e selvedge o f f w i t h beams p a r a l l e l t o th e 
edges o f t h e r i b b o n . A l t h o u g h d i f f e r e n t types o f mesh are used, 
t h e most common t y p e has a p i t c h o f 12.5mm and has wi r e s r u n n i n g 
p a r a l l e l and p e r p e n d i c u l a r t o t h e r i b b o n edge. I t i s found t h a t 
removal o f t h e selvedge i s more d i f f i c u l t i f t h e o r i g i n a l score 
on t h e g l a s s i s made d i r e c t l y above a w i r e r u n n i n g p a r a l l e l w i t h 
t h e r i b b o n edge. This tends t o leave a jagged edge t o th e c u t . 
Since t h e p l a t e s i z e s a r e s p e c i f i e d t o m i l l i m e t r e accuracy, t h i s 
has s e r i o u s i m p l i c a t i o n s on t h e f a i l u r e r a t e o f t h e g l a s s p l a t e s 
a t t h e i n s p e c t i o n s t a g e . 
I t was t h e r e f o r e necessary t o produce an i n s t r u m e n t t h a t 
would d e t e c t t h e w i r e i n t h e g l a s s ; such a system should be able 
t o r e c o g n i s e t h e f a c t t h a t a con t i n u o u s s t r a n d o f w i r e was 
r u n n i n g under t h e s c o r i n g t o o l , and should produce some 
e l e c t r i c a l s i g n a l t o a l l o w t h e sco r e t o be made elsewhere. The 
i n s t r u m e n t s h o u l d a l s o be a b l e t o d e t e c t t h e passage of wi r e s 
p e r e n d i c u l a r t o t h e r i b b o n edge, and t o d i s t i n g u i s h t h i s from t h e 
s c o r i n g t o o l b e i n g s i t u a t e d c o m p l e t e l y o u t s i d e t h e w i r e mesh. 
Thi s was t o ensure t h a t no selvedge was pre s e n t i n t h e c u t 
p l a t e s . A l i m i t a t i o n on t h e system was t h a t i t was t o operate 
e n t i r e l y above t h e g l a s s ; no p a r t o f t h e u n i t should have t o be 
i n s t a l l e d underneath t h e r i b b o n . I t was a l s o i n d i c a t e d t h a t s i n c e 
t h e area o f t h e f a c t o r y where t h e u n i t was t o go was h e a v i l y 
manned, t h e use o f l a s e r s would not be a p p r e c i a t e d . The gl a s s 
t r a v e l l e d a t speeds o f between 290m/hr and 380m/hr, which 
corresponded t o 6 t o 9 'cross w i r e s ' per second. The gl a s s c o u l d 
be e i t h e r 6.7mm or 7.7mm t h i c k . 
An i n s t r u m e n t was b u i l t which r e l i e d on t h e p r i n c i p l e 
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t h a t most o f t h e l i g h t i n c i d e n t on a sheet o f c l e a n g l a s s would 
pass t h r o u g h i t , whereas a s t r a n d o f w i r e would s c a t t e r t h e l i g h t 
t h r o u g h a wide range o f angles ( u n l e s s i t was p a r t i c u l a r l y s h i n y , 
which was n o t t h e case i n t h i s i n s t a n c e ) . This meant t h a t a beam 
of l i g h t i n c i d e n t on t h e w i r e d g l a s s would not be n o t i c e a b l e from 
above u n l e s s i t impinged on a w i r e w i t h i n t h e g l a s s . 
The o p t i c a l l a y o u t o f t h e i n s t r u m e n t i s shown i n f i g u r e 
6.-4. A 6V 20W q u a r t z halogen b u l b was t h e l i g h t source. The 
l i g h t from t h i s source was c o l l i m a t e d as shown. I n order t o use 
as much l i g h t as p o s s i b l e , a le n s o f 50mm diameter but o n l y 39mm 
f o c a l l e n g t h was used. The curved s u r f a c e was an asphere t o keep 
s p h e r i c a l a b e r r a t i o n t o a minimum. The g l a s s was of a type 
r e s i s t a n t t o heat, s i n c e i t was t o be placed c l o s e t o t h e hot 
b u l b . 
A s m a l l p r o p o r t i o n o f t h e c o l l i m a t e d l i g h t was s p l i t o f f 
by a b e a m s p l i t t e r , and d i r e c t e d onto a photodiode. The 
b e a m s p l i t t e r was a n t i - r e f l e c t i o n coated on both s i d e s , because 
as much l i g h t as p o s s i b l e was r e q u i r e d f o r t h e d e t e c t i o n o f the 
w i r e . There was s t i l l s u f f i c i e n t i n t e n s i t y on t h e photodiode f o r 
i t t o work r e l i a b l y . T his p a r t o f t h e i n s t r u m e n t had two 
f u n c t i o n s . F i r s t l y i t c o n t i n u o u s l y m o n i t o r e d t h e l i g h t l e v e l from 
t h e b u l b so t h a t t h e amount o f l i g h t t h a t c o u l d be expected t o be 
s c a t t e r e d from t h e w i r e was known, even as t h e b u l b faded d u r i n g 
i t s w o r k i n g l i f e . Secondly an immediate s i g n a l c o u l d be produced 
sho u l d t h e l i g h t from t h e b u l b f a i l c o m p l e t e l y . This would 
p r e v e n t a s s o c i a t e d equipment from o p e r a t i n g a f t e r such an event. 
The c o l l i m a t e d beam was then focussed down by a second 
l e n s , so t h a t an image o f t h e b u l b was formed i n t h e plane o f t h e 
w i r e i n t h e g l a s s . The f/no. o f t h i s l e n s was a compromise: t h e 
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s h o r t e r i t s f o c a l l e n g t h t h e b r i g h t e r t h e image o f t h e f i l a m e n t 
would be; t h e l o n g e r t h e f o c a l l e n g t h t h e more movement of t h e 
w i r e i n t h e v e r t i c a l p l ane would be c a t e r e d f o r . I t was known 
t h a t t h e dep t h o f f i e l d ( t h e range o f h e i g h t s o f t h e w i r e ) was 
a p p r o x i m a t e l y +/- 1mm. I t was cons i d e r e d reasonable t o l i m i t t h e 
l a t e r a l spread o f t h e image t o 0.5mm over t h i s depth of f i e l d . 
Since t h e a p e r t u r e o f t h e le n s was 50mm, i t was easy t o c a l c u l a t e 
by s i m i l a r t r i a n g l e s t h a t t h e f o c a l l e n g t h o f t h e le n s should be 
o f t h e o r d e r o f 100mm. I n f a c t an 80mm f o c a l l e n g t h l e n s was 
used, t o keep t h e s i g n a l as b r i g h t as p o s s i b l e . 
The s c a t t e r e d l i g h t was d e t e c t e d by means of a simple 
biconvex l e n s p l a c e d a t 2 f from t h e image o f t h e f i l a m e n t , and a 
l a r g e area (100mm= ) photodiode. The l a r g e area allowed f o r 
s h i f t s i n t h e image w i t h d i f f e r e n t p o s i t i o n s o f t h e w i r e as 
determined by t h e g l a s s t h i c k n e s s . The angle o f view of t h i s 
d e t e c t o r was determined by t h e s o l i d angle through which 
r e f l e c t i o n s o c c u r r e d from t h e g l a s s as a r e s u l t o f t h e i n c i d e n t 
l i g h t . Since t h e u n d e r s i d e o f t h e g l a s s was m o t t l e d , r e f l e c t i o n s 
o c c u r r e d over a s o l i d a n g l e o f 50 degrees from t h e v e r t i c a l a x i s 
o f t h e i n c i d e n t beam. To a v o i d these r e f l e c t i o n s , t h e v i e w i n g 
a x i s was 60 degrees. 
I t was p r e f e r a b l e t o have a s l o p i n g s i d e arm i n l i n e w i t h 
t h e d i r e c t i o n o f t r a v e l o f t h e g l a s s , from an i n s t a l l a t i o n p o i n t 
o f view. I n a d d i t i o n t o t h i s , experiments w i t h mock ups i n t h e 
l a b o r a t o r y showed t h a t more s c a t t e r e d l i g h t c o u l d be de t e c t e d 
o r t h o g o n a l t o t h e w i r e a x i s than p a r a l l e l w i t h i t . Since i t was 
necessary f o r t h e i n s t r u m e n t t o d e t e c t both t h e cross w i r e s and 
th e o r t h o g o n a l ' l o n g ' w i r e s , t h i s d i f f e r e n c e i n s i g n a l l e v e l was 
compensated f o r t o some e x t e n t by p l a c i n g t h e f i l a m e n t o f t h e 
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b u l b p a r a l l e l t o t h e a x i s o f t h e l o n g w i r e s , s i n c e they were t o 
be viewed i n t h e r e l a t i v e l y i n s e n s i t i v e p a r a l l e l d i r e c t i o n . This 
meant t h a t more o f t h e l o n g t h i n f i l a m e n t was i n c i d e n t on the 
l o n g w i r e s t h a n on t h e cr o s s w i r e s . 
The o u t p u t from t h e l a r g e area photodiode was used t o 
de t e r m i n e t h e p o s i t i o n o f t h e beam. I f t h e beam passed over cross 
w i r e s , t h e o u t p u t f l u c t u a t e d a t a p p r o x i m a t e l y 8 Hz. I f t h e beam 
was p o s i t i o n e d above a w i r e along t h e l e n g t h o f draw, t h e o u t p u t 
s t i l l f l u c t u a t e d , b u t m a i n t a i n e d a h i g h e r l e v e l . I f t h e beam 
passed a l o n g t h e selvedge, t h e o u t p u t dropped t o a low, d.c. 
l e v e l . I n t h e e l e c t r o n i c c o n t r o l box t h i s o u t p u t was compared 
w i t h t h a t o f t h e b u l b d e t e c t o r , p r o d u c i n g a h i g h l o g i c l e v e l 
s i g n a l i f i t was h i g h e r , and a low l o g i c l e v e l s i g n a l i f i t was 
lower. T h i s l o g i c s i g n a l was the n processed by i n i t i a t i n g a 
c o u n t i n g p e r i o d o f one second. During t h i s p e r i o d t he number of 
tim e s t h a t t h e s i g n a l went h i g h was counted. I f t h i s number 
exceeded a p r e s e t v a l u e t h e n no alarm was generated { s i n c e t h e 
beam was pa s s i n g over c r o s s w i r e s - a s a f e c o n d i t i o n ) . I f the 
count d i d n o t exceed t h e p r e s e t v a l u e t h e n an alarm was generated 
w i t h i n t h e c i r c u i t . The o r i g i n a l l o g i c l e v e l s i g n a l was then 
i n t e r r o g a t e d t o de c i d e which t y p e o f alarm was t o be generated. 
I f t h e o r i g i n a l s i g n a l was h i g h then t h e l o n g w i r e alarm was 
a c t i v a t e d , i f i t was low the n t h e selvedge alarm was a c t i v a t e d . 
T h i s u n i t was i n s t a l l e d on l i n e and found t o work 
w e l l from t h e o u t s e t . S e v e r a l u n i t s a re now being i n c o r p o r a t e d on 
l i n e on e i t h e r - s i d e o f t h e r i b b o n , as p a r t o f an automatic system 
t o c o n t r o l t h e p o s i t i o n o f t h e score l i n e s . 
P l a t e 6.1 i s a photograph o f t h e w i r e d e t e c t i o n u n i t . 
PLATE 6.1 
WIRE DETECTION EQUIPMENT 
6.10 
6.4 Measurement of Haze on Glass Surfaces 
D u r i n g t h e p r o d u c t i o n o f some of t h e gl a s s products a t 
P i l k i n g t o n , t h e s u r f a c e t r e a t m e n t s r e q u i r e d sometimes l e f t a 
s m a l l degree o f haze on t h e s u r f a c e s . The haze c o u l d be q u i t e 
s i m p l y wiped o f f , but i n o r d e r t o f i n d out i t s o r i g i n s , and 
m o n i t o r a t t e m p t s t o p r e v e n t i t from o c c u r r i n g , i t was necessary 
t o measure t h e amount o f haze a c t u a l l y p r e s e n t . The problem was 
t h a t t h e r e was no i n e x p e n s i v e haze meter on t h e market t h a t c o u l d 
measure t h e amount o f haze i n v o l v e d - l e s s than two percent. 
Other i n s t r u m e n t s measured up t o s e v e r a l tens o f pe r c e n t , and a t 
low v a l u e s gave u n r e l i a b l e r e s u l t s . 
The s o l u t i o n t o t h i s problem t h e r e f o r e i n v o l v e d 
d e v e l o p i n g an o p t i c a l system which would d e t e c t these s m a l l 
amounts o f haze and q u a n t i f y them. 
The i n s t r u m e n t which was b u i l t t o c a r r y t h i s out worked 
by measuring t h e amount o f l i g h t d e v i a t e d from a c o l l i m a t e d beam. 
I t d i d t h i s as shown i n f i g u r e 6.5. The l i g h t source was a 
p o l a r i s e d h e l i u m neon l a s e r . The a m p l i t u d e o f t h e beam was 
modulated f o r reasons t h a t w i l l be e x p l a i n e d l a t e r . A microscope 
o b j e c t i v e expanded t h e beam up t o a p r a c t i c a l diameter f o r making 
measurements. At t h e focus o f t h e o b j e c t i v e was a 25um p i n h o l e , 
which ac t e d as a s p a t i a l f i l t e r f o r any skew rays caused by d i r t 
e t c . The beam was c o l l i m a t e d by a d o u b l e t l e n s ( t o minimise 
a b e r r a t i o n s ) . A b e a m s p l i t t e r then removed a p o r t i o n o f t h e 
c o l l i m a t e d beam t o use as a r e f e r e n c e o f l a s e r i n t e n s i t y ; t h i s 
was focused onto a l a r g e area d e t e c t o r . The sample was placed i n 
t h e t r a n s m i t t e d p o r t i o n o f t h e beam. Close behind t h e sample 
h o l d e r was a d o u b l e t l e n s which focused t h e c o l l i m a t e d beam down 
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t o a s m a l l s p o t . At t h i s p o i n t t h e beam was blocked o f f by a 
s m a l l square o f opaque m a t e r i a l . The m a t e r i a l was stuck t o • t h e 
f i r s t o f two lenses which were used t o c o l l e c t any s c a t t e r e d 
l i g h t from t h e sample and focus i t onto a second l a r g e area 
d e t e c t o r . 
T h e r e f o r e , p r o v i d i n g t h a t t h e beam was p e r f e c t l y focused 
and t h a t no s c a t t e r i n g o c c u r r e d from any of t h e o p t i c s , t h e 
sample d e t e c t o r s h o u l d n o t have r e c e i v e d a s i g n a l u n t i l a 
s c a t t e r i n g sample was pla c e d i n t h e beam. I n p r a c t i c e i t was 
found t h a t s m a l l amounts o f s c a t t e r i n g always o c c u r r e d , which had 
t o be c o r r e c t e d f o r . 
The chopper, p o s i t i o n e d a f t e r t h e l a s e r , modulated t he 
l i g h t beam so t h a t t h e d e t e c t o r s were presented w i t h s i g n a l s o f a 
square wave form. The l e v e l o f s i g n a l was then d e r i v e d u s i n g 
phase s e n s i t i v e d e t e c t i o n . This i s discus s e d i n chapter 3; a f u l l 
a n a l y s i s can be found i n Horo w i t z and H i l l ( r e f . 3.1). This 
a l l o w e d t h e u n i t t o be used i n room l i g h t i n g c o n d i t i o n s w i t h o u t 
t h e r e a d i n g s b e i n g a f f e c t e d . 
I n t a k i n g a r e a d i n g o f t h e amount of haze produced by a 
sample, t h e r e f e r e n c e d e t e c t o r s i g n a l would be used i n two ways. 
Not o n l y was t h e magnitude of t h e r e a d i n g taken as a p r o p o r t i o n 
of t h e r e f e r e n c e i n t e n s i t y ( t o a l l o w f o r t h e gr a d u a l 
d e t e r i o r a t i o n o f t h e l a s e r o u t p u t ) , t h e o f f s e t ( t o compensate f o r 
th e s c a t t e r p r e s e n t i n t h e system i t s e l f ) was a l s o l i n k e d t o i t . 
Since t h e l e v e l o f s c a t t e r e d l i g h t was v e r y low compared t o t h e 
i n t e n s i t y s p l i t o f f by t h e b e a m s p l i t t e r , a mask was placed 
i n f r o n t o f t h e r e f e r e n c e d e t e c t o r which made t h e s i g n a l l e v e l s 
more even. This was done t o c a t e r f o r non - l i n e a r i t i e s i n the 
d e t e c t o r s e n s i t i v i t i e s as a f u n c t i o n o f i n p u t l e v e l . 
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I t can be seen from f i g u r e 6.5 t h a t t h e sample holde r i s 
i l l u s t r a t e d a t some angle o f f a x i s . T his was necessary because 
m u l t i p l e r e f l e c t i o n s were produced w i t h i n t h e sample by t h e 
cohe r e n t l a s e r l i g h t , and i f t h e sample h o l d e r was p o s i t i o n e d 
normal t o t h e beam t h e n these r e f l e c t i o n s would become i n c i d e n t 
on t h e sample d e t e c t o r , and produce s p u r i o u s r e a d i n g s . I t was 
found t h a t an a n g l e o f a p p r o x i m a t e l y 10 degrees was s u f f i c i e n t t o 
ensure t h a t t h i s d i d not happen. Provided t h a t t h e sample h o l d e r 
was not a d j u s t e d a f t e r c a l i b r a t i o n , t h e i n s t r u m e n t performed 
p e r f e c t l y w e l l . 
I n terms o f performance, t h e i n s t r u m e n t was found t o have 
a n o i s e l e v e l e q u i v a l e n t t o +/- 0.02% haze, and a r e p e a t a b i l i t y 
o f measurement o f +/- 0.02% haze. The maximum r e a d i n g l e v e l f o r 
t h e i n s t r u m e n t was 2.6% haze. 
The u n i t has been i n use f o r a s h o r t t i m e and has worked 
s a t i s f a c t o r i l y . A photograph o f i t has been i n c l u d e d i n p l a t e 
6.2. I t can be seen t h a t t h e components are a l l hel d i n 
l a b o r a t o r y s t y l e clamps. This was because t h e customer wanted t o 
be l e f t w i t h equipment o f g e n e r a l use once t h e i n s t r u m e n t had 
served i t s purpose. 
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CHAPTER 7 SUMMARY 
This t h e s i s has described the use of e l e c t r o - o p t i c a l 
instrumentation to provide s o l u t i o n s to inspection and 
measurement problems w i t h i n an i n t e r n a t i o n a l g l a s s firm. 
Types of l i g h t sources, media and detectors which are 
a v a i l a b l e to the i n d u s t r i a l s c i e n t i s t have been reviewed. In 
d e s c r i b i n g the p r a c t i c a l work c a r r i e d out by the author these 
components have been d i s c u s s e d , with explanations given as to 
t h e i r choice where necessary. 
The types of p r a c t i c a l work c a r r i e d out have included 
purely s p e c u l a t i v e p r o j e c t s , as i n the study of i n f r a - red 
Smartt i n t e r f erometry,- i n i t i a l s t u d i e s which have produced 
s o l u t i o n s , but which have, for one reason or another, not been 
taken any f u r t h e r forward; and more major undertakings which have 
been followed through to the f i n a l instrument. 
Chapters 4, 5, and 6.2 have been e n t i r e l y the work of the 
author under the guidance of Mr. Barry H i l l . In chapters 3, 6.1 
and 6.3 the o p t i c a l p r i n c i p a l s , design and construction, plus the 
b a s i s of the e l e c t r o n i c function, have been the work of the 
author, with e l e c t r o n i c design and c o n s t r u c t i o n c a r r i e d out by 
e l e c t r o n i c s s p e c i a l i s t s w i t h i n the laboratory. 
An understanding of the s c i e n c e involved has been only 
one part of the knowledge required to c a r r y out the work 
described i n t h i s t h e s i s . The recognition of what can p r a c t i c a l l y 
be achieved w i t h i n time and monetary l i m i t a t i o n s has a l s o been 
necessary, as has an a p p r e c i a t i o n of how the technology can be 
u s e f u l l y applied w i t h i n an i n d u s t r i a l environment. 
7.2 
The author i s continuing to work i n t h i s f i e l d , and i s 
now c a r r y i n g out more fundamental re s e a r c h to address the longer 
term i n t e r e s t s of the company. 
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APPENDIX 
COMPUTER INTEGRATION OF SCHLIEREN SYSTEM OUTPUT 
10 MODEO C 20 DIM Y ( 1 5 0 ) C 30 DIM Z ( 1 5 0 ) c 40 IMAX=0:IMIN=0 c 50 C=33:M=0.1 C 
60 FOR J = l TO 140 C 
70 READ Y ( J ) c 80 AV = C - {M*.J) c 90 Y ( J ) = Y ( J ) - A V c 100 NEXT 
110 FOR K=l TO 140 
120 Z ( K ) = Z { K - 1 ) + 0 . 5 * ( Y ( K ) + Y ( K + 1 ) ) C 130 I F Z(K)>IMAX THEN IMAX=ZfK) c 140 I F Z(K)<IMIN THEN IMIN=Z(K) c 150 NEXT 
160 YSC = 400/{IMAX+ABS(IMIN)) c 170 .CLS c 180 MOVE 0,500 
190 FOR I%=1 TO 140 
200 X=I%*6: Y = 7 5 0 + ( Y ( I % ) + (C-(M*I7o) ) ) *5 210 MOVE X,Y : DRAW X,Y c 220 NEXT 
230 MOVE 840 , 750+{C-M*I7o) *5 c 240 DRAW 0,750+33*5 c 250 MOVE 0,250 
260 FOR I7o=l TO 140 
270 X=I%*6 : Y=250-YSC*Z(I%) c 280 MOVE X,Y : DRAW X,Y c 290 NEXT 
300 PRINT "Y = "; M "X - "; C c 310 *SDUMP c 
Graphics Mode 
Memory f o r Readings 
Memory f o r Output 
Y Scale Tabs 
C o e f f i c i e n t s f o r 
average l i n e 
Read Y Values 
C a l c u l a t e Local Avge, 
S u b t r a c t Local Avge. 
Numerical I n t e g r a t i o n 
S e t t i n g up 
Y Scale 





Draw I n t e g r a t e d 
Trace 
P r i n t C a l c u l a t e d Avge. 
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M e l l e s G r i o t 
S p e i r s 
Robertson 
L e x e l 
Coherent 
Coherent 
B u t l e r 
Eby & L e v i n 
Culshaw 
Savage 
I t c h 
G l i e m e r o t h 
P h o t o n i c s 
L e v i 
L e v i 
Thorn EMI 
Hamamatsu 
S i n g l e Frequency Helium Neon (1984) 
Laser LU12 Handbook 
O p t i c s Guide 3 (1985) 
O p t i c a l / E l e c t r o n i c Catalogue (1986) 
Argon and Kr y p t o n I o n Laser 
Theory; Laser Handbook 
Io n Laser Systems 
Dye Lasers 
A p p l i e d O p t i c s and O p t i c a l 
E n g i n e e r i n g VI_ ed. K i n g s l a k e & 
Thomson (Academic Press) 
A p p l i e d O p t i c s and O p t i c a l 
E n g i n e e r i n g V I I ed. Shannon & 
Wyant 
O p t i c a l F i b r e Sensing and 
S i g n a l Processing (Peter 
P e r e g r i n u s L t d . ) 
I n f r a Red O p t i c a l M a t e r i a l s & 
T h e i r A n t i - R e f l e c t i o n Coatings 
(Adam H i l g e r ) 
J u l y 1935 Photonics Spect 
p. 55 
1983 SPIE Conference 
Photonics Design and 
A p p l i c a t i o n s Handbook 
A p p l i e d O p t i c s I_ ( W i l e y ) 
A p p l i e d O p t i c s I I . ( W i l e y ) 
^ P h o t o m u l t u p l i e r Catalogue 
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